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ABSTRACT
Dissolved air flotation (DAF) is an important flotation process in the production of 
potable water. During its use over the past 30 years, largely empirical data has been 
used to determine operational procedure.
Some efforts have been made to construct numerical simulations o f the DAF process 
by previous authors and these have been reviewed. This project adds to the body of 
knowledge surrounding the modelling of DAF by providing detailed experimental and 
simulated data. The work focuses on the flotation zone of a DAF tank where flow 
behaviour plays an important role in DAF tank performance. The model DAF tank 
used for experiments was constructed entirely of Perspex, allowing the use o f non- 
intrusive, laser-based methods o f flow measurement. Experimental data was used to 
verify the performance of computational fluid dynamic (CFD) simulations.
Significant changes in flow behaviour were observed even at the lowest recycle ratio 
of 0 .6 %; recycle ratio is related to volume fraction of air at the inlet for air-saturated 
water. As recycle ratio increased, the tendency was for the flow behaviour to change 
from a re-circulation-type current into a ‘divided flow’ where two distinct sub-paths 
emerged. This behaviour then changed further as the recycle ratio was increased. In 
the case of high main inlet flow, strong downward currents were observed which 
would be detrimental to DAF tank performance. At low-to-medium main inlet flow, 
these strong downward flows were not observed, and instead a ‘stratified flow’ was 
observed -  this extends the residence time within the tank and is preferable in terms of 
performance.
Interesting observations were made concerning the correlation between experimental 
and simulated results using FLUENT CFD code. The use o f the more recent version 
6 .0 , which allowed more control over the specification of air release boundary 
conditions compared with version 4.5, gave benefits in the degree o f correlation. 
Further work using version 6.0 should aim to improve the simulation of air dispersion, 
which was found to differ significantly from experimental observation.
Water treatment consumes large quantities of electrical energy. The main energy­
consuming step within the DAF process is the production and delivery of air-saturated 
water to the DAF tank. By careful design, the required quantity o f air (expressed as 
the recycle ratio) may be reduced. Simulation by CFD, backed up by verification 
experiments, is one important tool to achieve this saving.
I
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EXECUTIVE SUMMARY
Dissolved air flotation is an important process in the treatment of water and 
wastewater. In the domain of water treatment for potable applications, DAF plays a 
crucial role in primary clarification, i.e. removal of a large proportion o f suspended 
particulate matter from water prior to further filtration. It is a medium-to-high rate 
process, with a typical range of surface loading rate (SLR) of 6  - 20 m hr"1. The DAF 
process relies on the generation of micro-bubbles o f air, with a diameter range of 
typically 2 0 -1 0 0 pm, which attach to water-bome particles and lift them to the tank’s 
upper surface for removal. As it is essentially a flotation rather than sedimentation 
process, DAF is particularly important in the removal of low-density particulates and 
organic compounds from water, e.g. water-bome organisms such as algae and 
Cryptosporidium oocysts, natural colours such as fulvic and humic acids and by­
products o f pre-chlorination such as trihalomethane (THM). The concentration of air 
bubbles released into the tank relies on a number o f factors:
■ The pressure of the air-saturated water. The air-saturated water is referred to as 
‘recycle flow’ due to the fact that the water that is pumped into the saturator 
vessel, to be mixed with air under pressure, is typically drawn from the 
downstream filtrate. The recycle flow is released into the tank through a pressure- 
reducing nozzle to form the micro-bubbles of air. The pressure at which the 
recycle flow is held within the saturator vessel affects the volume concentration of 
air within it.
■ The temperature of the recycle flow. The saturation dissolution o f air into water is 
highly temperature dependent and will vary accordingly.
■ The saturator efficiency of the saturator vessel. This is generally expressed as a 
percentage fraction of the theoretical maximum air dissolution under the 
conditions o f temperature and pressure at that given moment in time.
■ The rate o f delivery o f recycle flow into the tank. The process variable that is most 
often referred to here is the recycle ratio. This is the ratio of recycle flow to the 
main flow (the water entering the tank to be treated). Typical values range from 
2% to 20% for full-sized DAF tanks.
The DAF tank may be divided into two sections, the contact or reaction zone and the 
flotation or separation zone. The process objectives for these two zones are different:
■ For the contact zone, air bubbles are injected to mix with the feed water 
containing suspended solid and flocculated particles. A certain level o f turbulence 
arising from elevated local velocity gradients is advantageous as it gives rise to 
adequate mixing. However excessive velocity gradients are to be avoided as these 
tend to cause break-up of flocculated particles and hence a reduction in particle 
size. Particle-bubble collision, a prerequisite for particle attachment, is favoured 
by, among other things, a high air bubble concentration and a particle size of the 
same order as the bubble size.
■ For the flotation zone, the agglomerates of air bubbles and particles are separated 
from the suspending water. In this region, high velocity gradients are to be 
avoided, particularly near the upper surface of the tank, as these may cause floated 
particles from within the sludge layer to rejoin the water and pass through the 
DAF tank. The overall objective is that the air/floc agglomerates should reach the 
tank surface. There was some evidence from previous authors work that the an­
il
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bubble concentration in the flotation zone has a large influence on the averaged 
flow field within this zone, and this in turn would affect the transport o f matter to 
the surface. However the nature of this influence was poorly understood.
The aim of this project was to combine advanced, non-intrusive flow measurement 
techniques and numerical modelling by computational fluid dynamics (CFD). The 
objectives were thereby:
To build a database o f flow behaviour, under a range o f operating conditions, for 
the flotation zone of a DAF model tank.
To provide quantitative data that could be used to verify the predictions made by 
CFD flow simulations.
To assess the strengths and weaknesses of CFD simulations and to consider 
options o f improving their predictions.
The contribution to academic and industrial knowledge of this project comes in the 
unique blend of non-intrusive, detailed flow measurement and its direct application to 
the verification of CFD simulations. The laboratory-scale DAF tank that was used for 
the experimental work was not a hydraulically scaled model. However it allowed the 
important flow phenomena o f the process to be studied in a detailed way. 
Experimentaldata was produced to evaluate CFD models, which can in turn be used 
to simulate full-size DAF tanks.
DAF has been found to offer both commercial and environmental benefits, with 
reduced chemical usage and cleaning requirements of downstream filters. The 
environmental benefits that can be realised from projects such as this one are :
■ By adding to the understanding of the DAF process and building confidence in 
predictive modelling techniques, the full environmental performance benefits o f 
DAF can be obtained on a project-by-project basis.
■ By understanding the effects o f air-bubble distribution on flow regimes within the 
DAF tank, and vice versa, DAF tanks may be designed and operated to run at an 
optimum recycle ratio and thereby reduce the operating environmental impacts of 
the process.
■ Improved understanding of gas/liquid flow with possible applications to other 
environmental processes.
Experimental Work
There were a number o f process variables that needed to be measured in order to 
provide full sets o f quantitative data for verification of CFD models. These were:
■ Pressure and temperature within the saturator vessel
■ Air volume fraction within the recycle flow at the operating pressure and 
temperature
■ Rate of recycle flow and main flow (in order to set main flow and recycle ratio)
■ Bubble size range
■ Air volume fraction at known points within the flotation zone
■ Velocity o f the carrier fluid (water) at known points within the flotation zone
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An analysis was carried out of the strengths and weaknesses of a range of flow 
measurement techniques. The important features for this work were determined as 
being:
■ No (or minimal) physical intrusion into the flowing water in the DAF tank
■ Able to provide data with sufficient accuracy o f flow velocity for the purposes o f 
verifying the performance of numerical models.
■ Capability to provide quantitative data at a range of points covering as much of 
the tank as possible
■ Reproducible technique
■ Simple calibration and stability between calibrations
From this analysis the decision was made to use the technique of laser Doppler 
velocimetry (LDV) to measure velocity values within the flotation zone. The LDV 
technique has a combination of high spatial resolution, non-intrusive operational 
mode and high temporal resolution that make it ideally suited to this work. Particle 
imaging velocimetry (PIV) was found to be a potentially useful technique also, giving 
‘snapshots’ of a large area and the prevailing flow within it. However in this work, 
only qualitative data was obtained from PIV analysis due to time limitations. For the 
future development of the model, PIV results will add additional data on bubble 
mixing and transient flow phenomena that may be missing from the current steady- 
state CFD model.
For the measurement of bubble concentration, two approaches were used. High-speed 
photography was used to capture images o f clusters of individual bubbles, illuminated 
by a high-intensity sheet o f laser light. The photography was carried out at a 
sufficiently high speed in order to avoid blurring of the particle images that were 
recorded. Extrapolation from this data provided estimated values of air bubble 
concentration. However it was found that this technique tended to over-predict the 
bubble concentration, with reference to theoretical minimum and maximum values. 
The high-speed photography technique was judged to be adequate for the purpose of 
measuring bubble diameter, and so proved useful in this respect.
Air volume fraction was measured using another method. This involved the use of a 
light probe, an optic fibre circuit o f only 3mm thickness (in order to minimise 
intrusion into the flow within the DAF tank) and sufficient length to access the whole 
tank. The circuit was designed with a gap of 1cm, so that the light must travel across 
this gap from the transmission to the receiving half o f the circuit. At this point the 
light intensity is translated by a photocell into a voltage that can be recorded and, 
analysed. When the gap is filled only by water, the highest signal is received. As the 
gap between the two halves of the circuit is progressively filled with air bubbles that 
deflect the light, the receiving circuit is obscured. Hence the air volume fraction is a 
function o f the received signal and, once the equipment was calibrated by means of 
direct sampling, measurements of air volume fraction could be made throughout the 
DAF tank. Detailed measurements were made for two experimental conditions: one 
low recycle ratio and one high, and in two different planes within the tank. This data, 
shown in Figures 35-38, was used to assess the performance of CFD simulations with 
regard to predicted air distribution.
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Single-phase LDV experiments were carried out in the first instance in order to assess 
the performance of single-phase CFD simulations and to ensure that the most 
appropriate model parameters were used for the two-phase simulations that followed. 
A set of experiments was then devised, covering a range of both surface loading rates 
and recycle ratios. Also a number of experiments were carried out in order to assess 
the effects o f changing the contact zone height by means of contact zone weir 
extensions.
The experimental results provide valuable information for the verification o f CFD 
simulations. The velocity vectors were obtained using 2D LDV equipment with a 
resolution of 5 x 10' 5 m s' 1 (the typical velocity range within the tank was 
1 x 10' 3 m s' 1 to 3 x 10' 2 m s' 1 with an average o f 8  x 10' 3 m s '1).
The general flow pattern observed was as follows. When only water was flowing 
through the tank, the flow within the flotation zone followed a vertical re-circulation 
pattern -  characteristic of single-phase flow around a cavity of rectangular cross- 
section. The results o f two-phase experiments showed, some interesting phenomena. 
Firstly the effect of even very low recycle ratios was to break down the gross re­
circulation pattern and promote flow that was more akin to plug flow. As the recycle 
ratio increased, the momentum of the influent stream became more dispersed over the 
length of the DAF tank, until at even higher recycle ratios the flow behaviour changed 
once more. Under these circumstances it was observed that the flow tended to rapidly 
divert downwards into the flotation zone. This seems to suggest that very high recycle 
ratios, while being desirable for enhancing particle-bubble collisions in the contact 
zone, may give rise to flow behaviour in the flotation zone that is less desirable. This 
would have to be confirmed by further experiments over a wider range o f surface 
loading rate and also perhaps on larger DAF tanks.
CFD Modelling
The air bubbles used in DAF are within the size range where they may be treated for 
the purposes of CFD modelling either as discrete, hard spheres (in the case of 
Lagrangian particle tracking models) or as a diffuse network of fluid that is inter­
penetrating with the carrier fluid. The latter is the basis o f the Eulerian two-fluid 
model. The number concentration o f air bubbles within the tank at any given moment 
is large: o f the order of l x l 0 4 to l x l 0 5 per cubic centimetre of fluid, although the 
volume fraction o f air in the vicinity o f the injecting nozzles is only 10%. The 
Lagrangian particle-tracking model was found to be unworkable in the case o f DAF 
due to the large number of small bubbles involved. Also the small bubbles tend to 
move with the surrounding water, hence the time scale required for tracking these 
particles becomes very long. The results obtained with it (not reported) were 
unsatisfactory. The concept of two inter-penetrating fluids is viable in the case o f 
DAF where volume concentrations of air are quite high and the air phase is so finely 
divided. The Eulerian two-fluid model was therefore chosen for the numerical 
modelling within this project.
The Semi-IMplicit Pressure-Linked Equations (SIMPLE) solver was used to link the 
individual momentum equations for air and water to the pressure field, common to 
both air and water. The momentum equations, three for each of the velocity 
components in the 3D model, are segregated for each phase in the two fluid model
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and are linked via a momentum transfer coefficient based on Schiller and Naumann’s 
drag law. The standard k-£ model of turbulence was chosen to enhance momentum 
diffusion at points within the simulated tank where high velocity gradients occurred. 
The use of a turbulence model was found to be necessary as the straightforward 
laminar flow model could not arrive at a stable solution.
The degree of fit between experimental and simulated data was expressed by means of 
a fitting coefficient, which was based on the resultant between experimental and 
simulated vectors (or scalar difference in the case of bubble concentration 
comparison). This was expressed as a weighted fraction of the experimental data on a 
point-by-point basis throughout the tank. The main objective of this statistical 
approach was to provide a benchmark of CFD simulation performance relative to the 
experimental results.
The standard k-£ model was found to give the closest fit to the experimental data of 
all the available multiphase turbulence models. The agreement between this type of 
CFD model and the corresponding experimental data, expressed in terms of the fitting 
coefficient, was found to lie between 5.0% and 32.3% with an average over all the 
experiments of 19.5%. To put this into context, the fitting coefficient between data 
recorded from two nominally identical experiments was found to be 8 .1% (a measure 
o f the reproducibility of experimental data).
The release of air from the upper surface of the tank posed some problems. Using 
FLUENT v4.56 software, the options for specifying the air release mechanism were 
limited. It was assumed that the air is released from all points along the surface of the 
tank at the same rate, an assumption that would be more justified in the case where a 
substantial sludge layer lies on the surface of the tank. The solution algorithm would 
not permit the boundary layer conditions to be changed by the user on a cell-by-cell 
basis. Using v6.0 FLUENT software, when it became available later in the project, it 
became possible to implement adaptable boundary conditions. A small number of 
simulations were repeated using the adaptive boundary layer condition in order to 
assess the benefits or otherwise of this development.
Discussion and Future Work
It is clear that discrepancies still exist between experimental results and those from 
corresponding numerical models. However it was observed that when the adaptive air 
release mechanism was used in the FLUENT v6.0 simulations, there were 
improvements both in the prediction of prevailing velocity field and bubble 
concentration contours. In both cases however, there remains work to do, particularly 
regarding the bubble concentration. The predicted bubble concentration profiles are 
‘top-heavy’ with the air concentration near the surface being higher than that observed 
with measurement, while the predicted concentration deeper within the flotation zone 
is lower.
The current simulations did however successfully show similar flow phenomena to 
those observed during experiments. In particular the diverting effect of high recycle 
ratios was observed in simulations. Film recordings and PIV images of flow within 
the flotation zone have shown evidence of periodic eddying motions that may be 
responsible at least in part for the enhanced mixing of air bubbles over and above that
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predicted by current CFD models. Further experimental and CFD modelling work 
should focus on the mechanisms of air bubble mixing within the flotation zone o f the 
DAF tank in an effort to further bridge the gap between observed and simulated 
behaviour.
This work shows that there may also be an optimum value of recycle ratio for the 
operation of a given DAF tank. If this is the case, and DAF tank design can integrate 
this concept, then there may be an additional environmental benefit o f reduced energy 
consumption during operation. It has been shown that the energy expended in 
operating DAF tanks can be significant; it was found to account for between 14% and 
20% of the total energy consumption o f water treatment at one works. The total 
energy consumed by water treatment, including reservoir storage and associated 
pumping, is around one fifth o f the total used by Thames Water. Hence any process 
development that can reduce this figure is of environmental significance.
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PROGRESS REPORT #1
The main activity of the first six-month period of this project has been an extensive 
literature search. The focus of this search was to identify important physical 
parameters of dissolved air flotation (DAF) as used in the treatment of potable water 
supplies, and to appraise the modelling work which has been carried out by other 
authors in the field. Other applications of DAF such as waste water treatment and 
sludge thickening were also investigated, albeit briefly. The literature search 
document is included with this project report.
The literature search process will continue in parallel with experimental and analytical 
work during the lifetime of this project. In particular it is expected that a detailed 
critique of computational modelling methods, particularly with reference to 
turbulence models of two-phase flow, will be added within the next 6 -month period. 
Sources of references for the literature search are as follows:
• University of Surrey Library.
• BIDS database searches (keywords: ‘dissolved air flotation’ OR ‘DAF’, ‘flow 
measurement’, ‘two-phase’ AND ‘bubble’, ‘flow modelling’).
• British Library - Science and Engineering Reading Library (formerly at Holbom, 
London).
• References gathered by Richard Scriven, a previous EngD student who worked on 
another aspect of DAF.
• Thames Water Library sources of literature (conference proceedings, periodicals, 
books)
In addition to the literature search, a number of other essential activities have been 
undertaken. The laboratory-scale model DAF tank, which is to be used as a base for 
this project, has been refurbished and tested satisfactorily. This has coincided with a 
period of familiarisation with the capabilities o f the model tank.
Since then I have attended group meetings of the Multiphase Physics Group, also 
within the same department, a group which is headed by Professor Ugur Tiizun and 
Dr. Mark Biggs, the latter of which is my academic supervisor for this project. These 
meetings were fairly informal gatherings where the participants, myself included, 
presented aspects of their work and exchanged ideas. All the members of the group 
are involved in specialist research of multiphase flow problems.
I have carried out some preliminary dye-tracer experiments in order to develop this 
technique further. I have developed a useful technique and data analysis package that 
allows 2D flow vectors to be resolved from dye-tracer experiments. These preliminary 
experiments were carried out on a laboratory-scale model of a service reservoir in the 
first instance. Similar experiments will be carried out shortly on the DAF model as an 
integral part of this project.
Training
In addition to the mandatory EngD courses in Environmental Technology, I have also 
received training in the following areas.
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Fluid Mechanics
A refresher course in rudimentary fluid dynamics was deemed to be a useful training 
exercise; hence I attended the course “Transport Processes 4” organised by the 
Department of Chemical and Process Engineering, University of Surrey. This was an 
undergraduate course that took place during the period October-December 1998, 2hrs 
each week.
Multiphase Flow and CFD
I was fortunate enough to attend the short course “Multiphase Flow - Computational 
Fluid Dynamics (CFD)” which took place on the 11 /12th March 1999 at ETH 
University, Zurich. The course dealt with discrete modelling aspects of CFD, 
including the methods o f volume of fluid, embedded interface and level set. These 
techniques may prove very useful later in the project for the purpose of resolving the 
effects of bubble-fluid and/or bubble-bubble interaction.
Project Plan
The main objectives will be to develop an understanding of the hydrodynamics of the 
system and of how this is affected by the introduction of the second phase, air, to the 
system. In particular, it is essential to build up a thorough understanding of 
mathematical flow models, in particular those associated with turbulent flow and 
which feature in the commercial CFD code FLUENT. Also it will be important at this 
early stage in the project to begin to distinguish between those aspects of flow 
behaviour that would be beneficial to DAF performance, and those that would be 
detrimental.
Single-phase experiments
It is essential, for a fuller understanding o f DAF performance, to be able to 
characterise the flow fields within DAF tanks. These flow measurements will be made 
on the laboratory model DAF tank at Thames Water, and in the first instance will 
involve single-phase (water) only. The laboratory model is constructed of clear 
Perspex, allowing the use of non-invasive, optical flow measurement techniques. 
Meanwhile other less technologically advanced techniques such as dye marker tracing 
and chemical tracing will also be used, as they may also provide useful information 
and are relatively simple to perform. It is hoped that at the very least, benchmark, 
single-phase flow patterns will be measured within the scale model tank during the 
next 6  months. It is essential that the flow measurements that are performed capture 
all the necessary information that is required in order to make a valid comparison 
between experimental results and computer simulations.
Air measuring apparatus
A scale-model saturator supplies saturated air to the model DAF tank. A means of 
accurately and repeatably measuring the volume fraction of air delivered by this 
system is needed, both in order to qualify the flow measurement data and to use as an 
input variable for the CFD model to be developed. A simple technique will be tried 
first, which only requires a minimum of apparatus. A more precise but more complex
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technique, based on the work of previous authors, may or may not be necessary, and 
this will be established by comparison of the two methods.
Two-Phase experimentation
Preliminary two-phase experiments will be carried out once the system is in place to 
assess air delivery efficiency. This should be towards the end of year 1, time 
permitting. The data acquired from these experiments will be analysed and will 
provide a useful base from which to begin the development of computational models.
Computer modelling of DAF
A simple numerical model o f DAF will be developed using the commercial FLUENT 
CFD software available at both Kempton Park and Surrey University. A thorough 
understanding of the algorithms employed within FLUENT will be gained within the 
next 6  months, and will be essential to the further development of our multiphase 
model for DAF. In particular the assumptions made by the commercial software will 
be critically assessed. A recommendation will then be made regarding the exact form 
of CFD code that is acceptable for this work.
Literature Search
Introduction
Dissolved air flotation (DAF) is a technological development of dispersed air 
flotation, a process that was first used in mineral dressing in the 1920’s. Dispersed air 
flotation relies on the injection of a gas stream into a clarification tank. Bubbles of 
gas, usually air, are thus formed within the stream of raw water. These then attach 
themselves to solid particles and cause them to float to the surface to form a bubbly 
froth. The bubbles used in the dispersed air flotation process are typically of a 
diameter between 100pm and several millimetres. Bubbles within this larger size 
range are useful in minerals processing, while smaller bubbles (< 1 0 0 pm) are more 
useful in the flotation of delicate particulate matter.
The paper industry developed a means of producing bubbles for flotation on a finer 
scale. This was in order to recover finely dispersed cellulose fibres (Zabel 1980). 
Their method relied on creating a vacuum within the airspace above the clarification 
tank. This then led to a degassing of the water that produced clouds of fine bubbles. 
This is known as vacuum flotation. Another method of producing fine-scale bubbles 
for flotation is by electrolytic splitting of water molecules in a dilute solution. The 
electro-flotation process, as it is known, is an effective process. However it tends to be 
limited in its use by its relatively low volumetric throughput and the requirement to 
clean the electrodes on a regular basis.
DAF is, in a way, a further extension of the vacuum flotation process. DAF was also 
initially developed within the paper industry. The first recorded use o f DAF in the 
treatment of paper-pulp wastewater was in 1924 (Ives, 1995). In the DAF process, 
water is pre-saturated with air under a pressure of 5-7 bar (typically) and is then 
injected into the raw water stream. The process produces fine bubbles on a scale 
comparable to vacuum flotation. However the available quantity of air per unit 
volume is higher for DAF, due to the higher pressure-differential. The DAF process 
can also be run as a continuous rather than a batch process.
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The DAF process relies on bubble-particle attachment, as does the dispersed air 
flotation technique. However DAF produces bubbles on a finer scale: predominantly 
<100pm with a median size of 40-50pm, which is comparable to those produced by 
both vacuum and electro-flotation. The DAF process is ideally suited to the flotation 
of low-density floes, colour particles (oxides of iron, manganese and others), organic 
liquids and VOCs. Materials with low-density are more efficiently removed by a 
flotation process than one based on sedimentation (Edzwald et al., 1994).
The DAF process takes place within a DAF tank, and there are broadly speaking three 
classes of DAF tank geometry:
Co-current, rectangular-aspect DAF tank 
Co-current, cylindrical-aspect DAF tank- 
Counter-current, rectangular-aspect DAF tank
The three tank layouts are shown in Figures 1-3 below.
A : Riser Baffle 
B : Outlet Weir 
C : Outlet Chamber 
D : inlet
E ; m ain  flotation tank
Figure 1: Schematic Layout of a Rectangular Co-Current DAF Tank (Ta and
Brignall, 1997)
Flash
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Figure 2: Schematic layout of a counter-current DAF tank (Eades et al., 1997)
FLOCCULATOR DRIVE
SCRAPER DRIVE SLUDGE 
PENSTOCK 
AND 
S3 TROUGH
WALL WASH
FLOTATION ZONE
ANTISWIRL VANES
Figure 3: Cross-section of a circular co-current DAF tank (Stevenson et al., 1997)
The counter-current DAF process (COCO-DAF ™), as shown in Figure 2, differs 
from the co-current DAF in that the airflow is against the flow of raw water, rather 
than with it. However the three design options share the characteristic o f having one 
surface open to the air. It is at this surface that the floated particles and bubbles form a 
frothy sludge, which is periodically removed. This leaves the water below, the 
effluent water, relatively clear and ready for filtering downstream.
The supply of air-saturated water is typically provided from a packed saturator vessel. 
Figure 4 is a simplified schematic of such a vessel.
Liquid Wv
PACKED SATURATOR
Figure 4 - Simple schematic of a packed saturator vessel
The water entering the recycle pump, which is shown above, is a proportion o f the 
effluent water from the DAF tank. The effluent water from the DAF tank that is used
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to supply the saturator vessel is referred to as 'recycle' water for obvious reasons. The 
flow rate of recycle water divided by the corresponding flow rate of raw water is 
referred to as the recycle ratio.
The saturator vessel is a pressure vessel, typically cylindrical in aspect, which is 
maintained at between 5 and 7 bar (typically) above atmospheric pressure by means of 
compressed air. The saturator vessel contains packing rings mounted on a perforated 
dividing plate, and there is a gap between the dividing plate and the bottom of the 
vessel. The. purpose of the packing rings is to increase the efficiency of air diffusion 
into the water by controlling the rate of mixing of water and air within the saturator 
vessel. The water that emerges from the bottom of the packing ring assembly is 
saturated with air.
This saturated water then percolates through the perforated dividing plate into a 
holding reservoir situated at the bottom of the saturator vessel. The saturated water 
then flows under its own pressure, or can be pumped if necessary, to the DAF tank. 
Raw water that has come from the flocculating stage of the water treatment process is 
pumped continuously into the DAF tank inlet. From here the raw water travels to the 
contact zone, where it meets the saturated water stream.
When the saturated water enters the DAF tank, within the contact zone, the pressure 
drops quickly from several bars above atmospheric to virtually atmospheric 
conditions. This pressure drop precipitates a swarm of very small bubbles, typically 
within the size range 20pm to 100pm (Zabel, 1980). It is these bubbles that attach to 
particles within the raw water and float them to the surface of the contact zone and 
over into the flotation zone, where they form a sludge layer. The sludge layer floats on 
top of a bubble blanket that spreads out across the flotation zone, and the sludge may 
be removed either by means o f mechanical scraping or hydraulic flushing. The 
cleaned water, often referred to as the supernatant water, flows beneath the floated 
sludge layer and out of the DAF tank as effluent. The effluent water from the DAF 
tank passes to the pre-filtration section of the water treatment line. It is at this point 
that a proportion of the effluent water is recycled to the saturator vessel and the 
remainder continues through to the filtration stage.
The volumetric flow rate of raw water will be fixed by the desired operating capacity, 
the number of DAF units and the recycle ratio to be used. The higher the recycle ratia 
is, the more rigorous is the treatment of the water and hence the final effluent water 
should be cleaner. However if  the recycle ratio is very high, then the process is 
operating inefficiently and the DAF units would resultantly need to be built larger, for 
a given operating capacity. The recycle ratio used in commercial installations may 
vary widely both within one country and comparing different countries (Haarhoff and 
van Vuuren, 1995). There are a number of reasons to account for the disparity in 
recycle ratio, which include differences in saturator and nozzle efficiency, targets for 
particulate removal and the degree of optimisation of design.
An important consideration in the design of DAF tanks is the requirement of a 
particular surface-loading rate. The surface-loading rate (SLR) is an often-quoted 
DAF tank parameter. It is simply the ratio of the volumetric flow rate to a given plan 
area o f the DAF tank. Haarhoff and van Vuuren (1995) highlight the ambiguity that 
surrounds this parameter. In certain instances the area that is used to define the SLR is
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that of the flotation zone, whereas in others the combined area of flotation and contact 
zones is used. Likewise the volumetric flow rate is in certain instances defined as that 
of the raw water only, whereas in others the total flow rate (raw water + recycled 
water) is used. They concluded that it is preferable to consider the total volumetric 
flow rate when calculating SLR. Their argument is that it is the total flow rate that 
influences the turbulent conditions within the contact zone and thereby affects the 
efficiency of separation in the flotation zone. They also recommend a separate SLR 
value, as does Fawcett (1997), for both the contact zone and the flotation zone. The 
SLR for the contact zone is termed as the ‘cross-flow velocity’, and the SLR for the 
flotation zone is termed as the ‘hydraulic loading’. This is in order to make design 
parameters more explicit. The summary of Haarhoff and van Vuuren’s survey is 
reprinted in Table 1.
Cross-flow
velocity
(m.h'1}
Hydraulic
loading
(m.h'1}
Side
depth
(m)
Air 
dosing 
(mg. I'1)
Recycle
ratio
(%)
number 12 14 14 14 13
minimum 14 2.4 1.5 4.5 6.4SA survey median 38 • 5.2 2.2 7.9 11.0
maximum 210 8.2 3.5 9.9 23.0
number 23 30
Finnish minimum 2.5 5.6
survev median 4.8 10.0
maximum 8.0 - 42.0
number .12 12 .. 5
British minimum < 6 .0 1.0 7.0
survey averaee 2.4 7.5
maximum 11.0 3.2 9.0
Recommended minimum 20 5.0 1.5 6.0 6.0
by authors maximum 100 11.0 3.0 8.0 10.0
Table l:Typical design data for DAF tanks (Haarhoff and van Vuuren, 1995)
DAF and its industrial use
Specific applications of DAF include potable water treatment, wastewater treatment 
and sludge thickening. In each case, the objective of DAF is to separate solid matter 
from water in order to produce both acceptable effluent water and sludge that can be 
handled efficiently. The semi-solid sludge that is produced may also be o f commercial 
use (see below). DAF has been used as a treatment process for potable drinking water, 
human and animal sewage, wastewater from the production and refinement of 
petrochemicals, edible oils, plastics, food, soap and paper, wastewater from nuclear 
power plant and washout water from the extraction o f minerals. The use o f DAF for 
potable water treatment will be focused upon here. Other important applications of 
DAF are reported elsewhere: Tessele et al. (1998), Stoica et al. (1995), Schneider et 
al. (1995) and van Vuuren and van der Merwe (1989).
DAF - a potable water treatment process
While the application of DAF to potable water treatment processes has only occurred 
quite recently, over the last 30 years or so, this has not been due to any major 
technical barriers. However there have been changes during this period in both the
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management of water supply and in the general environment that have favoured the 
adoption of DAF technology as a means of water treatment for the production of 
potable water. These changes are:
• The water demand per capita has increased both with rising population and the 
mass consumption of modem conveniences such as the (infamous) garden sprinkler, 
washing machine and dishwasher. Water consumption has also been affected, both 
directly and indirectly, by increases in the general standard of living in developed and 
developing countries. Examples o f direct and indirect contributions to water demand 
are:
Using bath instead of shower, washing of car = direct contribution
Power production by fossil-fuelled or nuclear power station and associated cooling 
water, water used in manufacturing of new car = indirect contribution
DAF is a high-rate treatment process that allows a high volume of water to be treated 
for a given area (or ‘footprint’)
• More and more raw water is stored in purpose-built surface reservoirs rather than 
being abstracted directly from rivers and streams. In surface reservoirs the natural 
water currents are relatively slow and there is ample exposure to sunlight. These 
conditions are ideal for formation of algal blooms during warmer periods.
• There has been a large increase in the level of nitrate-based and phosphate-based 
nutrients within the waterways that are used to fill reservoirs in the developed 
countries of the Northern hemisphere. The enhanced nutrient level promotes the 
formation of algal blooms yet further during the warmer months of the year, a process 
known as eutrophication.
• Increased livestock agriculture is one factor that has given rise to greater 
concentrations o f water-bome parasites such as Cryptosporidium oocysts and giardia 
viruses. DAF is a particularly useful process in the removal of low-density material, 
such as algae and Cryptosporidium from water.
• There has been a move towards the increased use of aluminium-based polymeric 
coagulants and of aluminium sulphate as a flocculating agent. These flocculating 
agents are effective in bringing particulate matter together, but also tend to leave 
behind residual aluminium as floes of aluminium hydroxide. These low-density floes 
can be efficiently removed from water by DAF.
• Land prices have increased dramatically as the proportion of available land for 
development has fallen. Thus high-rate processes such as DAF, with their smaller 
footprint, are beneficial in this respect.
Figure 5 below shows a flow diagram of a typical treatment process for potable water, 
and indicates where DAF fits into the process chain. The major advantage of DAF (as 
an alternative to sedimentation as a clarification process) is more efficient removal of 
low-density floes (algae, zooplankton, flocculant residues, etc.) prior to filtration. This 
means those sand filters, downstream of the clarifier, are fouled less quickly. Sand 
filters therefore require clearing less frequently, cutting down on energy usage and 
hence reducing the cost of the filtration process. Clogged filters may lead to 
’breakthrough’, a phenomenon that gives rise to poor-quality filtered water (Wobma et 
al., 1997). The implications on human health of poor filtration can range from minor 
taste and odour problems (Hargsheimer and Watson, 1996), through to quite serious 
illness (Edzwald, 1998) and chronic long-term health problems (Gehr et al., 1993).
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Raw Water
Final disinfection
Filtration
Ozone and/or activated 
Carbon treatment
pH Correction 
and flocculation
Other clarification, 
e.g. sedimentation
Supply to Customers
Figure 5: Diagram showing the position of DAF within a typical water treatment
process
Another advantage o f DAF is that it has a shorter residence time than sedimentation 
and therefore offers a higher rate of throughput. This allows for greater water demand 
and also allows the DAF treatment units to be more compact, reducing their footprint 
and hence freeing-up land for other forms of development.
DAF process and the water cycle - environmental impact
The initial water source for potable water supply is usually rain, and this is relatively 
pure (except for dissolved, acidifying gases). The rain then runs off surfaces, both 
natural and artificial, picking up organic and inorganic material as it goes. The water 
feeds into rivers, lakes and groundwater reserves, all o f which may then be exploited 
for potable water supplies, acquiring further organic and inorganic materials as it runs. 
In some cases where the water runs through natural rock formations, as is the case in 
some groundwater reserves, the water is naturally filtered to a certain degree. The 
organic and inorganic material that is picked up by the water may be from natural 
sources or from human industrial intervention. Hence the composition of the initially 
pure rainwater is gradually altered by a series of complex contacts and interactions. 
One example of this is the leaching of nutrients from soil into water, leading to 
differing degrees of eutrophication of water supplies.
9
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Eutrophication is the term commonly used to describe the phenomenon of excessive 
plant growth in freshwater aquatic systems. The cause of this rapid growth, which 
threatens the delicate balance of aquatic ecosystems, is excessive nutrients within the 
water supply. Eutrophication of lakes and reservoirs in developed countries is largely 
as a result of intensive agricultural practices. Artificial fertilisers, used in intensive 
farming, tend to be based on very concentrated, chemically engineered sources of 
nitrates and phosphates that diffuse into the soil at a high rate. During and after 
periods of heavy rainfall, large quantities of nitrate and phosphate are washed into the 
water table and hence find their way into rivers and then into natural lakes and man- 
made reservoirs.
The commonest and most visible sign of eutrophication is the appearance of algae 
blooms. These occur in the warmer months of the year, when there is an abundance of 
sunlight; algae produce their carbohydrate food source by the action of 
photosynthesis, and hence reproduce more vociferously in high-sunlight conditions. 
The oxygen content of the water is lowered as a consequence o f the collective 
respiration of the magnified population of algae. Other microorganisms such as 
zooplankton, bacteria and water-borne parasites, that are encouraged to thrive by the 
abundance of dissolved nutrients, also add to the burden on available oxygen. The 
reduced oxygen level in the water threatens the survival o f other aquatic species that 
occupy a higher level of the food chain, e.g. fish.
Burgeoning populations of algae and associated microorganisms pose problems not 
only to the ecosystem within which they exist, but also to the processes of abstraction 
and purification for human use. They must be removed as much as possible, prior to 
filtration, in order that filter beds are not clogged too frequently. High concentrations 
o f organic material also pose problems at the disinfection stage o f the process when 
chlorine is used as disinfectant. Residual free chlorine that is not used up in the 
disinfection process may chemically combine with dead, organic material to form 
trihalomethane (THM) compounds and/or chloroacetic acid (Gehr et al., 1993). Both 
o f these groups of compounds are toxic to humans and other animal life. Reducing 
populations of algae and other microorganisms prior to filtration and disinfection is 
therefore essential when dealing with water sources where initial concentrations of 
these organic materials are high. DAF is one method of achieving this.
The DAF process is an alternative to the traditional sedimentation process for water 
clarification, and it is here where the advantage of DAF lies. Sedimentation is more 
suitable when the density of flocculated particulate matter (floes) is high, i.e. having 
specific gravity >1.4. However the density of algae blooms and Cryptosporidium 
oocysts typically lies within the range 0.95-1.10. Floes o f Al(OH)3 have a density that 
is also typically <1.4. These floes are not efficiently removed by conventional 
sedimentation. When conventional sedimentation is used to remove these materials, 
the floe size must be increased in order to increase the settling rate. This is necessary 
in order to maintain the required throughput without compromising the cleanliness of 
the effluent water. To this end for the sedimentation process, expensive and energy- 
intensive, polymeric, coagulant chemicals are used. For the removal of low-density 
floes, DAF is more applicable, and does not rely so much on polymeric coagulant 
chemicals, which is a direct environmental benefit (Malley and Edzwald, 1991).
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It has been found that for optimum performance, a flocculation stage is still necessary 
prior to the DAF treatment as is the case for sedimentation. Flocculation produces two 
effects, both of which are beneficial to the efficiency of the DAF process. Firstly the 
floe size is increased, and it has been reported that the efficiency of floe removal by 
DAF increases proportionally to the floe size. This has been found to be the case for 
algae floes up to a size of approximately 150pm, above which size this relationship no 
longer holds (Vlaski et al., 1997). However Edzwald (1995) found that the optimum 
floe size for DAF removal of algae was much lower, of the order of 10pm, allowing 
for a less intensive flocculation treatment both in terms of chemical quantity and 
contact time of flocculation. Flocculation generally involves the use of cationic 
flocculants, such as iron or aluminium salts, increasing the positive, surface 
electrostatic charge on the floes. This encourages the attachment of negatively 
charged air bubbles to the floes. However it has been found that the quantities of 
flocculant required for DAF are lower than the corresponding requirement for 
sedimentation treatment (Malley and Edzwald, 1991. Scriven, 1997). Optimisation of 
the DAF process would be expected to widen this gap and hence provide an added 
environmental benefit of DAF over sedimentation.
Air is normally introduced into the DAF tank by means of a pressurised stream of air- 
saturated water. This requires input of capital plant and energy during operation. It has 
been proposed that by causing bubble attachment during the flocculation stage rather 
than after it, equivalent performance may be achieved but with lower requirement for 
dissolved air (Kitchener and Gochin, 1981). Any reduction in the requirement, for air 
in the DAF process will reduce both the capital and energy inputs of the process.
The algae-rich sludge that is harvested by DAF can be put to use, for instance as an 
animal feed or as a low-impact, agricultural fertiliser (Sandbank and Shelef, 1987). 
DAF has been of particular use in the micro-algal harvesting stage of a combined 
water treatment process using integrated advanced wastewater pond systems 
(LAWPS). In this case the recovered methane from the wastewater treatment process 
provides at least part of the energy for the DAF process (Green et al., 1995).
Factors affecting the DAF process
There are a huge number of variables that may play a role within a given model o f the 
DAF process. The process variables are shown in the table below.
Variables in raw water source Type(s) of solid matter to be removed 
Concentrations of solid matter
Variables at flocculation stage • Flocculant / coagulant type and dosage
• Mixing time with flocculant / coagulant
• pH of supply water
Variables of air-saturated water system • Saturator efficiency
• Air-precipitation efficiency
• Nozzle type
• Number of nozzles and spatial distribution
Variables of DAF tank 
(contact and flotation zones)
DAF tank geometry
air content of recycle water
bubble size distribution
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All the process parameters are discussed in more detail below. Particular emphasis is 
placed on those variables that directly influence the flow patterns within the DAF 
tank, and which are therefore of particular interest in this study.
Raw Water Source
The types and concentrations of solid matter to be removed are a function of the raw 
water source, and would influence directly the particle-bubble attachment efficiency 
of the DAF process. It is widely reported that the DAF process works most effectively 
for low-turbidity, algae-laden waters, or those with microbial infestations and/or high 
natural colour or odour (Ives, 1995), (Edzwald, 1995), (Scriven, 1997). In the 
treatment of potable water, the concentration of particulate matter is typically lower 
than that of the bubbles in the DAF contact zone. It is also often the case that the 
relative settling velocity of the particles is considerably lower than the flow velocity 
of the liquid surrounding them. This is particularly true when considering low-density 
particulate matter (900kg m ' 3 < p < 1400kg m‘3).
Flocculation Stage
Coagulant type, dosage, contact time and pH of supply water are all decided at the 
flocculation stage of the water treatment process. These factors directly influence the 
floe size and surface charge, and thereby they affect the overall efficiency of the DAF 
process. It has been found that an optimum value of both pH and flocculant dosage 
exist for the removal of turbidity from raw water (Scriven, 1997. Edzwald, 1995). It 
has also been reported by Edzwald (1995) that DAF treatment was,most effective for 
floes within the size range 2- 10pm. Removal of floes of size l-2pm  was found to be 
o f the order of 50% less effective than in the range 2-10pm. Vlaski et al. (1997) found 
that a long and/or vigorous period of flocculation was unnecessary, with the optimum 
value of G, the mean gradient of shear velocity, being within the range 10-30 s"1. 
Scriven (1997) reached a similar conclusion while studying various inorganic and 
polymeric coagulants and their corresponding benefits to the DAF process.
Air-saturated water system
The saturator efficiency, air-precipitation efficiency, nozzle type and number of 
nozzles will all affect both the quantity of available air to form bubbles within the 
DAF tank and its distribution around the DAF tank. This is particularly true in the 
contact zone. A comprehensive model of saturator performance was devised which 
took into account the air concentration at every stage of the saturator circuit 
(Steinbach and Haarhoff, 1997). Rykaart and Haarhoff (1995) carried out an extensive 
study into the effects of saturator vessel efficiency and nozzle design on the 
characteristics of bubble clouds that were formed. It was found that when air-saturated 
water, released from the nozzle, was immediately brought into contact with a flat 
surface then the bubble size distribution became finer, although the mechanism 
governing this effect was not thoroughly investigated. An upper limit was also 
specified for the pressure loss due to friction in the pipe-work between the saturator 
vessel and the nozzle assembly. This is in order to avoid the formation of bubbles 
within this pipe-work. This was found to be particularly important in the case o f very 
efficient saturator columns, where the degree of saturation of the water was high. Any
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bubbles formed at this stage tended to grow to a large size prior to ejection from the 
nozzle, too large in fact to be effective for DAF flotation.
Dupre et al. (1998) found that bubbles initiated at the walls of the injection nozzle in 
their experiments. The key to obtaining a fine dispersion of bubbles was found to be a 
high turbulence within the nozzle, being a combined effect of the flow rate through it 
and the design of the nozzle.
DAF Tank Geometry
A beneficial effect on effluent quality is reported as a result of increasing the length- 
to-depth ratio (or radius-to-depth in the case of a cylindrical tank) o f the co-current 
DAF tank. A hypothetical explanation of this is given by both Fawcett (1997) and 
O'Neill (1997) that the re-circulation flow within the flotation zone is reduced as a 
result of increasing the length: depth ratio. This is believed to reduce the tendency for 
floated particles in the froth layer to be detached and to re-enter the supernatant liquid 
layer. The re-circulation of water within the flotation zone of a typical DAF tank can 
be observed and quantified by means of a chemical tracer method (Ta et al., 1996), 
(Ta and Brignall, 1997). This is shown in Figure 6  below, where the secondary peak is 
due to re-circulated water within the flotation zone.
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Figure 6: Typical residence time distribution (RTD) of a co-current DAF tank
(single phase, no air)
Flow measurement data was obtained by means of acoustic Doppler velocimetry 
(Eades and Beckley, 1998). Their results show that cross-flows, moving across the 
tank width and within the flotation zone, cannot be neglected, as they are a significant 
part of a very complex flow field.
The momentum of the injected saturated water stream is regarded as being of great 
importance in defining the mixing of the raw water and saturated water streams, and 
hence the efficiency of the process (Fawcett, 1997). Fawcett draws a parallel between 
the meeting of streams of raw water and recycle water, beneath the contact zone 
baffle, and the mixing of two fluids in a T-piece connector. Sroka and Forney (1989) 
found in their work on this subject that a certain momentum ratio (M 1/M2 >= 0.07)
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was required in order to bring about effective mixing of the two streams. In the case 
of COCO-DAF, the geometric parameter of major importance was found to be the 
inlet design (Eades and Brignall, 1995. Eades et al., 1997). This parameter was found 
to be very important in the delivery of uniform flow across the tank. Problems arise 
when the velocity profile across the inlet cones is not uniform, as this sets up vortices 
and causes irregularities in the thickness of the bubble cloud.
Air content of recycle water
The volume fraction of air in the recycle water is largely determined by the saturator 
efficiency and any losses of air from depressurisation between the saturator and the 
nozzle. The net volume fraction of air in the mixture of raw water and recycle flow 
will depend on the relative volumetric flow rates and air contents of the two streams. 
The equilibrium mass fraction of air in water at 20°C, 1 atm. pressure is 25.9mg I'1, 
and the three main components o f air are nitrogen (78.1%), oxygen,(21.0%) and argon 
(0.9%), all of which have different values of Henry’s constant (Perry and Green, 
1984). This means that the composition of the atmosphere within the saturator vessel 
will not be the same as under normal atmospheric conditions. Oxygen and argon 
dissolve in water more readily than nitrogen.
It is generally expected that all the dissolved air in the saturated water stream 
precipitates as micro-bubbles. One could determine whether or not this assumption is 
correct if  it were possible to measure accurately the number concentration of bubbles 
and their size distribution. The total quantity of air within bubbles would then be 
known, and could be compared with the known quantity of air being fed to the 
system. This may be impractical for DAF, considering the fine scale of the bubbles 
involved. In all the DAF modelling work that has been reviewed, the assumption has 
been made that concentration gradients of air are negligible within the liquid between 
bubbles.
The removal of particulate matter generally increases as the quantity of delivered air 
increases. Krofta et al. (1995) performed a multivariate analysis o f DAF performance 
where the variables were: volumetric flow rate of raw water, recycle ratio and dosage 
o f flocculating agent. He observed that the efficiency of particulate removal was not a 
straightforward function of the recycle ratio (and hence the quantity of air delivered 
per unit volume). In some cases, further increase of the recycle ratio beyond a certain 
point resulted in a decrease in removal efficiency. However he ascribed this to 
, residual flocculating agent present in the effluent water that was fed back to the DAF 
tank via the recycle water. His hypothesis was that this would cause an effective 
increase in the flocculator dosage within the contact zone, over and above the initially 
imposed dosage, and that this would cause excessive coarsening o f the.flocs.
Effects o f babble size distribution
The initial bubble size distribution is a function of the pressure drop of air-saturated 
water across the inlet nozzle. Other factors affecting the initial bubble size distribution 
are the concentration and surface characteristics of heterogeneous nucleation sites. 
The relationship between such parameters and the bubble size distribution is discussed 
by Clift et al. (1978). The typical bubble size range for DAF applications is 15pm to 
100pm. Bubbles within this size range are reported to display a strongly negative zeta
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potential: -150mV for air bubbles at pH=7 (Fukushi et al., 1998), -lOOmV, oxygen 
bubbles at pH=7, (Sato et al., 1982). This strongly negative zeta potential has 
provided the justification for a number of authors to assume that bubble size 
distribution is fixed from the point of release, i.e. no coalescence of bubbles takes 
place within the DAF tank. Other authors have however discovered that many 
complex interactions can take place both between bubbles and between bubble and 
floe (Rykaart and Haarhoff, 1995). Bubble coalescence, elastic bubble collisions and 
the formation of multi-component, bubble-floc matrix structures were all observed in 
the vicinity of the saturated water inlet nozzles.
Many authors make the assumption that the flow regime within the contact zone is 
laminar, and that therefore Stokes’ Law can be used to express the terminal rise 
velocity of bubbles:
. u T = ApgA
18jt
This expression was derived for rigid spheres when the particle Reynolds number, 
Rep, is less than 1. This corresponds to the Stokes-Law Region, where the coefficient 
of drag, Cd, is given by 24/Rep. In the case of fluid spheres such as gas bubbles in 
water, the Hadamard-Rybczynski theory predicts that the terminal velocity, U j , 
should be expressed by the following equation.
u T = Apgd>2
1 2 p
This expression takes account of internal re-circulation of gas within the bubble and 
the corresponding decrease in drag coefficient that this engenders. However it is 
commonly observed that small bubbles, especially in solutions that contain organic 
contaminants, do not give the Hadamard-Rybczynski result. It was found that such 
small bubbles (and drops) followed Stokes' law up to a certain diameter. Beyond this 
diameter the measured drag coefficient began to increase, and continued to increase 
steadily up to a certain point. At this point there was a sudden decrease in drag 
coefficient, and a corresponding increase in rise velocity up to the Hadamard- 
Rybczynski value. The critical diameter at which the change in behaviour occurred 
corresponded to an Eotvos (Eo) number of 4.
Eo=g^ l
This is known as Bond’s criterion, and for air bubbles in pure water this would 
correspond to a bubble diameter of 5.5mm or greater. The widely accepted theory that 
accounts for this behaviour involves surface-active contaminants. These contaminants 
are present within a liquid, and tend to accumulate at gas-bubble interfaces. This 
creates additional tangential stresses at the interface and in effect increases the drag 
coefficient o f the bubble. These only become significant at values of Re above around 
50. The restraining effect of the surface contaminants continues until the bubble
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reaches a particular diameter, at which point the air within the bubble becomes free to 
re-circulate within the bubble. The lubricating effect of this brings about the reduction 
in drag coefficient. The typical range of Eo values for DAF bubbles is 5xl0 ‘5 to 5xl0‘ 
3 (corresponding to bubble of between 20pm and 200pm). The corresponding range of 
values for bubble Reynolds number would be between 0.2 and 10, for a typical liquid 
flow rate of between 0.01 and 0.05m s-1. Therefore it is fairly safe to assume that 
bubbles of the size range as used in DAF behave according to Stokes’ law, i.e. Cd = 
24/Re.
The ‘standard drag curve’ of drag coefficient for spherical particles is shown below in 
Figure 7, along with corresponding curves for bubbles in both pure and impure water.
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Figure 7: The coefficient of drag, Cd, as a function of Reynolds number for 
bubbles in water (Clift et al., 1978)
Modelling of the DAF process 
Physical modelling
The design rationale for DAF tanks has been largely based on experience gained in 
the operation o f existing DAF units. However there are a number of physical models 
presented in the literature that attempt to systematically relate the geometry of the 
DAF tank to its performance. In most cases these have also included attempts to 
validate the physical model by flow measurement. These physical models are 
described below in more detail.
Q.9lli^lpnrefficiency  ^factor models Edzwaldm (1995)m
Edzwald (1995) derived a model of particle-bubble attachment based on the theory of 
collision efficiency factor that has been developed for use in models o f filtration 
(O’Melia, 1985). The collision efficiency factor theory states that collisions between 
floes and bubbles largely occur by one of two mechanisms: Brownian diffusion or 
interception. Interception of floes by bubbles is a function of dp2 and is the most 
important mechanism for larger particles. Brownian diffusion on the other hand is a
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function of dp'2/3, and is therefore of most importance in the flotation of smaller 
particles. This leads to a predicted minimum in collision efficiency at a particle 
diameter of around 1pm. Edzwald carried out an analysis of residual particulate 
matter in DAF-treated waters from pilot plants in Sweden and U.S.A. The results 
showed an order of magnitude increase in the number concentration of particles in the 
size range 1 -2pm compared with the size range 2-200pm. These results were in broad 
agreement with the predictions of the collision efficiency factor model. Furthermore it 
was found that the majority of particles that fell in the size bracket o f l-2 pm came 
about as a direct consequence of the flocculation process. This suggests that many of 
these floes comprise almost entirely of flocculant chemicals, e.g. iron sulphate, that 
has precipitated from solution but then has not attached to any further particulate 
matter within the surrounding water, fall within this size bracket. The DAF process 
parameters used in these experiments were typical of general practice: recycle ratio 
and surface loading rate = 6-9%, 8 m hr' 1 (Sweden), 19%, 6 .6 m hr' 1 (U.S.A). Also a 
more detailed analysis showed that the optimum floe size for particle removal was 2 - 
1 0 pm.
The model itself is dependent on variables associated with the flocculation stage, the 
quantity of bubbles formed and their size. Two important model variables are the floc- 
bubble attachment efficiency (otpb, a function of the surface charge o f floes) and the 
floe number concentration (Np, which is a direct function of the flocculation process). 
The model makes a number of assumptions, which are summarised here:
• The efficiency of the DAF process is assumed to be a function o f particle-bubble 
attachment within the contact zone, and effects within the flotation zone are not 
considered.
• The rise velocity of the bubbles is assumed to follow Stokes’ law.
• The flow regime in the contact zone is assumed to be non-turbulent.
• The model assumes a single, pre-determined bubble size (although it is perfectly 
feasible to extend the model to deal with a range of bubble sizes).
• The maximum number of bubbles attached to each particle is one.
Collisjon-efficjency factor model - Baeyens  ^etmg l f l 995f  Liersm etm a l m(1996)
Both these authors used a similar model DAF tank for their studies, which was a co­
current, axial-flow, cylindrical DAF tank. In this experimental arrangement, saturated 
water was injected into the feed water pipe of the DAF tank, i.e. no air-diffusing 
nozzle was used. The design geometry of a typical co-current DAF tank is very 
different to that of Baeyens’ model, and this is reflected by their flow regimes being 
significantly different. The work o f Baeyens may be more applicable to studies of 
COCO-DAF, where the tank geometry is not so vastly different.
Baeyens’ et al. concentrated on determining the flow regime within the contact zone 
of the model DAF tank. It was found that for this particular DAF tank geometry the 
flow regime could be approximated to dispersed plug flow. This conclusion was 
reached on the basis of chemical tracer experiments where the residence time 
distribution was measured over a wide range of flow rates (corresponding to Peclet 
number between 1 and 40). The flotation zone of a typical co-current DAF tank would 
be expected to show a degree of re-circulatory flow, unlike the plug flow behaviour of 
Baeyens’ model.
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Liers et al. calculated removal efficiencies for particulate matter under conditions of 
varying air content (in saturated water) and flow rate. High-speed photography was 
used to measure size and velocity of both floes and bubbles. A critical particle size 
was determined for a given combination of total airflow rate, total water flow rate and 
bubble size. Below this critical diameter, the flotation of the particle was considered 
to be unsuccessful.
The basic premises of the model, which was developed by both these authors, were 
the same as in Edzwald’s work (above). The only notable difference is that Liers et al. 
introduced an expression for deviations from Stokesian flow behaviour at higher 
Reynolds number: Gd= 45/Re0'75 for l<Re<50.
Physical modellings -0 . [Neills .<?/. .(I. 9.9.7.)I. Nodes sands Beckleyss (m199m8)
The authors conducted a flow visualisation study of five operational DAF units using 
an underwater CCTV camera. They report similar, strong, three-dimensional re­
circulation flows in all the DAF units. This is despite the fact that the range of 
operational parameters in the five units was quite extensive. For example the 
length/depth ratio lay between 1.7 and 3.2 and the value of flow rate lay between 103 
and 573 m hr'1. The records of their measurements only show 2D re-circulation 
currents, and the resolution of these measurement points is unfortunately low.
Modelling work was carried out on a laboratory model DAF tank where the tank 
geometry was flexible, similar to the one used in the present study. Efforts were made 
to scale the appropriate forces between the laboratory model and a typical full-size 
installation. It was found that for uniform mixing of raw water and saturated water 
streams, the ratio of the contact zone width: contact zone inlet should be as close to 
1:1 as possible. Also it was found that the higher the values of both these parameters, 
the greater the tendency for strongly uneven flow in the contact zone, characterised by 
strong re-circulation currents. The widespread presence of re-circulation currents calls 
into question the validity of those models that are based on the assumption o f a 
homogeneous velocity profile.
Eades and Beckley, using ADV flow measurement equipment, obtained further 
evidence o f complex 3D flow patterns in operational DAF units. Measurements were 
made at a large number o f points within an x-z plane running through the centre 
(width-wise) of a commercial D AF installation.
A summary of their preliminary results (which are yet to be fully analysed) is 
illustrated in Figure 8  showing the following features:
• The presence o f strong re-circulation currents in the x-z direction.
• The presence of ‘dead zones’ of low flow velocity in certain parts of the tank.
• The presence of strong cross-width (y) currents in the zones near the Tar end of the 
tank (where flow meets the outlet baffle) and the top surface of the tank (1.9< Z <2.0).
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Figure 8 : prelim inary ADV flow m easurement data (x and z components of 
velocity shown) obtained by Eades and Beckley (1998)
KiMti.Q.HlQ.de/ - Fukushim etm a l .(I998)m
Fukushi et al. (1998) devised a kinetic model of the contact zone, where turbulence 
was introduced as a variable. Their experiments were carried out on a laboratory 
model DAF tank, not dissimilar to the one that will be used in the present study, and 
also on a smaller flotation column. All observations of bubble size and floe size were 
carried out using high-speed video photography, where the sample floes and bubbles 
were brought into a special viewing chamber. In order to do this, the floes and bubbles 
were sampled from various points within the flotation column and the contact zone of 
the laboratory model DAF tank. They were then allowed to rise freely through the 
recording zone of the high-speed video camera. The number of bubbles, their size, the 
size of the particles and the rising velocity were all measured for each sample floe.
This model allowed the derivation of an expression for the number of bubbles 
contacted with a particular floe of a given size, as a function of elapsed time within 
the contact zone. The predicted results of the model were found to be in good 
agreement with experimental observations made by high-speed video camera. One of 
the input variables of the model is the initial collision efficiency factor, Oo (for a floe 
that has not yet attached to a single bubble). This study confirmed earlier findings by 
Tambo and Watanabe (1979) that do was proportional to the surface coverage of floe 
surface by cationic species, i.e. Al3+,Fe2+, etc. from the flocculation process.
Scaline Criteria
To achieve dynamic similarity between the experimental model and the full size 
installation on which it is based, there must be similarity in both the geometry and the 
dominant forces. Scaling the geometry is a simple matter; however scaling the 
corresponding dominant forces within the system is not so straightforward. The forces 
within the DAF process, their associated physical parameters and ratios to form 
dimensionless constants are shown below:
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Inertial force u A p, 
g A h p ,
g V (pi - pg)
Gravitational force
Buoyancy force
Viscous force
Surface tension force
puA
y
c d b
Froude number (Fr)
ratio of inertial / gravitational forces gh
piudReynolds number (Re) 
ratio of inertial/ viscous forces M-
u 2PidWeber number (We)
ratio of inertial / surface tension forces
Archimedes number (Ar)
Ratio of buoyancy / viscous forces
pi = liquid density, pg = gas density, u = liquid velocity, A = cross-sectional area 
g = acceleration of free-fall, h = depth of liquid, jI = viscosity of liquid, y = 
characteristic shear dimension, a  = surface tension of water, db = bubble diameter
It is obvious that it is impossible for any one given experimental arrangement to offer 
complete parity between the forces in the experimental model and those in the full- 
size installation. In order to produce, say, a bubble distribution in the model that is 
scaled down by a factor of five, the median bubble size would need to be of the order 
of 10pm cf. 50pm for the full-size installation. This is unfeasible due to several 
factors. The critical nucleus size for bubble formation, in pure water, is inversely 
proportional to the pressure drop across the diffuser. According to this we would 
require a pressure drop across the diffuser of the order of 30bar, and that is for 
extremely pure water where no heterogeneous bubble nucleation and growth take 
place. Both the extreme high-pressure arid the high purity of liquid required make this 
avenue o f research both impractical and unrepresentative o f the real-life situation.
If the bubble size is of the same order of magnitude in both the model and the full-size 
installation and the velocity of the surrounding liquid is also similar, then the rate of 
ascent of the bubbles and the value of Weber number (We) will also be similar. This 
would mean however that the rise-time for bubbles in the model would be 
significantly shorter than in the case of the full-size installation. Also the value of Re 
would be very different between the model and full-size DAF tank. This illustrates 
how one set of experiments may allow only one of the governing dimensionless 
numbers to be maintained constant between model and full-size DAF tank in any one 
part o f the tank.
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However it may be more important for a particular dimensionless ratio to be 
conserved in one part of the tank than in another. For example Re is an important 
parameter of the contact zone, but the Froude number is not so critical. The opposite 
is true in the flotation zone, where we have free-surface flow conditions. For a single­
phase flow (water only), it is possible to correctly scale for Re in the contact zone (by 
increasing the flow velocity by the scaling factor). At the same time it may be 
possible to scale for Fr in the flotation zone by appropriate selection of values for:
• The height above the inlet baffle (which dictates the flow velocity)
• The depth of the flotation zone
• Scaling factor
This is only really feasible if the scaling factor is small (<2 as a good working guide). 
In order to achieve equivalent Fr value between full-size and laboratory model 
installations, the following equation must be satisfied:
B (full-size) • C  (full-size) B(lab.model) • C(lab.model)
B = height above inlet baffle, C = depth of flotation zone. In the case of the scale 
model used in the present study, where B(iab.modei)- 0.15m(max.), C(iab.modei) = 
0.39m(max.) and C(fuii-Size) = approximately 2 m, this would require a value for B(fuii-SiZe) 
between 6  and 7 cm. Such a small gap over the top of the inlet baffle would not be 
used in a full-size installation. A gap of this dimension would generate relatively high 
flow velocities over the baffle: 0.5 to 1.0 m s' 1 for a typical, full-size, DAF unit. Flow 
velocity o f this order would be expected to seriously disrupt the floated sludge layer. 
In the case of our laboratory model, it is obvious therefore that a compromise will 
have to be made on the value of Fr as perfect scaling of this dimensionless parameter 
would be impractical.
Flow measurement
Flow measurement techniques can be grossly classified as either extractive or additive 
(Fumess, 1989). These terms relate to whether the technique in question adds 
something to the fluid flow or removes something from it. The added or extracted 
element may be energy in the forms of kinetic, potential, light, electrical or heat. 
Alternatively the added element may be a coloured dye, radioactive isotope or 
chemical tracer. The overriding objective of any technique is to minimise the 
influence on the fluid flow of addition or extraction. There are nonetheless practical 
limitations on how unobtrusive a given technique can be. Other factors that should be 
taken into account are the system geometry, flow complexity and the resolution 
capability of the technique.
All techniques have the common elements of stimulus, response, sensor and output. In 
the simple example of a Venturi meter, the stimulus is the narrowing of the flow 
channel in the throat of the Venturi. The response is the increase in flow rate through 
the throat, leading to a pressure drop between the inlet and the throat. Piezometric 
pressure sensors detect the pressure difference and this electronic output can then be 
converted back into an average pressure reading. Neglecting frictional losses, this 
pressure difference can then be used to calculate the velocity of flow and the
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volumetric flow rate through the pipe. There are however frictional losses that lead to 
irrecoverable head loss, and this technique is therefore an extractive one.
Many of the more well known flow measurement techniques have been developed to 
investigate flow within pipes, and are of limited scope for use within bulk fluid 
processes such as DAF. Among these are orifice-meters and Venturi meters 
(differential pressure meters) rotating vane meters and Pitot tubes (kinetic energy loss 
meters). These techniques are all extractive in nature. The problems associated with 
the use o f these techniques for DAF are:
• The support structure for these meters would occupy space within the flow field, 
and this would introduce unnatural deviations to the flow and associated frictional 
losses.
• The aperture or working area is relatively large for these meters. This is not a 
problem if  the volume of the bulk fluid being measured is correspondingly high. 
However for smaller laboratory models or even some pilot-plant installations, this 
may reduce the resolution capability of the technique to unacceptable levels.
• The techniques are designed on the basis of essentially perpendicular flow relative 
to the meter aperture or working area. This will not necessarily be the case in a 
complex flow regime within a bulk fluid. Deviations from this condition would result 
in spurious turbulence fields around the meter and consequent errors in flow velocity 
measurement.
There are a number of candidate techniques that may satisfy the requirements of flow 
measurement within a DAF system. These can be classified as either in-situ 
techniques or remote techniques. In-situ techniques are those that involve a physical 
addition, extraction or intrusion, by either the stimulus or the sensor, into the flow 
field. Two techniques that fit into this category are tracer testing and acoustic Doppler 
velocimetry (ADV). Remote techniques are those techniques where there is no 
physical addition, extraction or intrusion, by either the stimulus or the sensor, into the 
flow field. By the term ’physical' here, it is meant that there is a material connection 
made between the flow field and its surroundings. Two techniques that fit into this 
category are laser Doppler velocimetry (LDV) and particle imaging velocimetry (PIV)
Tracer Testing
This is a term to describe techniques such as dye-marker tracing, radioactive isotope 
tracing and chemical marker tracing. There are inherent risks associated with the use 
o f radioisotope tracers and stringent guidelines on their disposal. The use of relatively 
innocuous chemical tracers is preferable for this kind of application, and two that are 
widely used in the water industry are lithium chloride (LiCk) and sodium fluoride 
(NaF).
The advantage of dye-marker tracing is that the flow patterns can thus be visualised 
very easily and can be recorded with the use of digital camera or video equipment. 
However the data derived from this technique may be difficult to quantify and can 
only give information regarding fluid velocities within one plane at any one time. 
Tracking the passage of the ink particles determines the instantaneous velocity field 
within a given 2D plane. The specific gravity of the dye particles is however likely to 
be greater than that o f water. Therefore an often very large component of the recorded 
velocity will be attributable to a gravitational body force, accelerating the dye
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particles to their terminal velocity within the fluid. One means o f rendering the dye 
particles neutrally buoyant is to mix an appropriate quantity of soluble salt into the 
water, e.g. sodium chloride.
The chemical tracer method relies on irrecoverable sampling from the fluid field. As 
such this technique is both additive and extractive. The marker is added as a fluid 
’plug', and then the fluid flow field is sampled at point(s) in space and time in order to 
determine the concentration of the marker within that sample. The data that they 
provide can be used to determine such important parameters as average residence time 
and variance of residence time (see Figure 5). If we consider a small volume element 
o f the added chemical tracer, then the time taken for that volume element to flow 
through the system to the detector (the residence time) will depend on the route taken. 
The residence time distribution, deriving from multitudes of such small volume 
elements, can therefore provide information about the flow patterns in the system 
(Levenspiel, 1972). Measurements can be taken from within the flow field rather than 
at its extremities, but this entails further disruption of the flow field itself, as the 
sampling tool has to be immersed in the fluid. A combination of dye-marker testing 
and either chemical or radioisotope tracer testing may be preferable. This can give 
both visual data on the fluid flow patterns and also quantitative data on the outflow 
rate. There may however be differences between dye molecules and chemical tracer 
ions in terms of their rate of transport in a given fluid flow field, and this should be 
taken into account.
In summary the advantages of tracer testing are:
• Ease o f use and low cost (though cost is considerably higher for full-size tanks 
where a larger mass of chemical is needed per test, and more testing points may be 
required)
• Direct visualisation, in the case of coloured dyes
• Direct information on residence time is obtained, which can be used to infer 
qualitative data pertaining to the flow patterns.
The disadvantages are:
• Difficult to quantify
• Need a transparent container, in the case where coloured dyes are used.
• Non-visual tracer techniques can only be used to establish the rate of efflux of the 
tracer material. Therefore these techniques cannot give quantitative information on the 
flow patterns within the fluid flow system.
• The characteristics of the fluid will be changed to a certain extent as a result of the 
addition of the tracer material. This effect should be insignificant so long as the 
quantity of tracer material added is sufficiently small compared with the volume of 
the fluid-flow system.
Acoustic Doppler Velocimetry (ADV)
An illustration of the ADV probe is shown below in Figure 9.
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Figure 9: A typical ADV apparatus (Lohrmann et al., 1994)
This equipment consists of an acoustic sensor (mounted onto the probe unit), a signal 
conditioning module and signal processor. The sensor has three acoustic receivers and 
a centrally mounted transmitter. The reliability of the data from ADV analysis is 
generally represented in terms of the correlation factor (Lohrmann et al., 1994). This 
refers to the correlation between the signals received by each of the three acoustic 
sensors. The focal point is fixed at the point of manufacture. It is however still 
possible to test at a range of known depths within the fluid flow field as the probe unit 
is submersible. The sample volume is a cylindrical volume within the flow field that 
surrounds the focal point of the acoustic signal. This sample volume is typically 5- 
6 mm in diameter and 8 - 1 0 mm in height, although the height o f the cylinder can be 
reduced (to enhance resolution) by confining the extracted signal to within the central 
l-2mm zone. This can be achieved via mathematical treatment within the software 
routines, and needs no special hardware. The transmitter and receivers must all be in 
contact with the fluid that is being measured. This is essential in order to propagate 
the necessary acoustic signals. This technique has been successfully used in the 
measurement of flow velocity within full-size DAF tanks (Adlan et al., 1997. Eades 
and Beckley, 1998). It is also a particularly useful technique in the measurement of 
highly quiescent flows (of the order of <= 0 .1  cm s-1).
In summary the advantages of the technique are:
• The technique can be used in non-transparent vessels, i.e. full-size DAF tank.
• Ease o f use and simple calibration procedure.
The disadvantages of the technique are:
• The technique suffers from reduced accuracy in highly turbulent and/or highly 
aerated flow fields. Under these conditions the degree of correlation is significantly 
reduced.
• This is a physically intrusive technique compared with the remote techniques listed
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below.
Laser Doppler Velocimetry (LDV)
This broad description comprises a host o f techniques (Durst et al., 1976) one 
example o f which is shown in Figure 10. The common factor between them is that 
they all rely on the measurable ffequency-shift o f an optical light source. Beams o f 
coherent light are brought to a focus within the flowing fluid. The light is scattered 
from minute particles, "scattering centres" within the fluid. These may be naturally 
occurring (dust-particles, silt, etc.) or may have been deliberately added (known as 
'seeding1 the flow).
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Figure 10: Typical experimental arrangement of a forward-scattering LDV flow 
measurement apparatus (Durrani and Great, 1977)
In order to differentiate the very small Doppler shift that would be expected from 
flowing water systems ( v « c  where v = velocity o f fluid, c = velocity o f light), the 
illuminating beam must be mixed or heterodyned with light from a reference beam. 
This light is derived from the same coherent source, but which has not passed through 
the fluid. A beat frequency is evolved between the two light sources that can be used 
to determine the fluid velocity. Another slight variation on the heterodyne method is 
the real fringe system, where the transmission optics are very similar to a Young's 
fringes experiment (Durrani and Great, 1977). A single, coherent beam is diverged 
and collimated to produce a parallel beam of a few centimetres in diameter. This then 
passes through a system of slits or gratings to produce two diffracted beams. These 
are then re-focused to a point, within what is known as the sample volume. Finally the 
two beams emerging from the other side o f the flowing fluid are brought to rest on the 
surface o f a photo-detector. The result at the detector is a series o f fringes. As a 
particle passes through the sample volume, it will obscure the fringe pattern as it goes. 
The rate at which this obscuring occurs can be used to calculate the velocity o f the 
particles flowing in the fluid.
In summary, the advantages are:
• Allows the direct measurement o f 2D vector profiles within a small sample 
volume. Hence the resolution of small-scale turbulence effects is possible 
(typically 0.5-1.0mm resolvable)
• Simple calibration technique, performance is repeatable.
• No moving parts or sensor parts to keep clean.
• Non-invasive
The disadvantages are:
• In order to resolve vectors o f fluid flow in three dimensions, light scattering must 
be carried out from two separate angles, focused on the same sample volume. To
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set this up requires some skill and time on the part o f the operator.
• The flow field container must be optically transparent
• The fluid flow may need to be seeded in order to provide sufficient data for 
analysis purposes
Particle Imaging Velocimetry (PIV)
In the late 1980s, PIV emerged as a powerful fluid dynamics measurement tool for 
obtaining instantaneous whole-field velocity data. The PIV technique was of 
sufficient maturity by the mid-1990s for professional PIV systems to be developed. 
PIV offers a means of evaluation of whole-field turbulence. This is the main 
difference between PIV and point-measurement tools, such as LDV. The principle of 
PIV is shown in Figure 11.
CAMERA
Figure 11: An illustration of the principle of PIV. Particles that traverse the 
sheet cause reflections which are detected by the high-speed, digital, video 
camera (from DanTec trade literature)
As in the case of LDV, the PIV technique relies on a laser optic probe. However in the 
case of the PIV laser configuration, the beam is pulsed through a cylindrical lens at a 
very high frequency in order to produce a sheet of light within the sample volume. 
The measured response is that o f particles traversing the light sheet. In doing so they 
give rise to a scattering of the light, which produces an image of the particle at right 
angles to the sheet. This image is then recorded by a high-speed, digital video camera, 
placed normal to the sheet. Seeding of the flow field is usually required in order to 
produce an abundance of scattering sites. An appropriate seeding material for water 
would be powdered polyethylene or hollow, reflective, polymeric spheres, although 
micro-bubbles within the water, as in the case of DAF, should also work well 
(Briicker, 1995. Kiger, 1998). A high-speed camera records the appearance of the 
light sheets, either on film or as a digital data file (if a digital camera is used). The 
process is then repeated after a very short time interval. Thus two 2D images of the 
flow field are obtained, with a very short time lapse of known duration between them. 
By employing fast-Fourier transform (FFT) techniques, a 3D vector profile of the 
sample zone can be calculated for that point in time. The sample zone, defined by the 
area of the light sheet that is observed by the high-speed camera, can be up to several 
square centimetres. This gives great flexibility to the technique, and it is therefore 
easier to build up a comprehensive picture o f turbulent flow within complex systems.
A variation on the standard PIV system is the scanning PIV system (SPIV). This 
utilises an assembly of a rotating mirror and a cylindrical lens, positioned in front of 
the laser optics. An array of discrete, parallel laser sheets is produced, each separated 
from its neighbours by a small, fixed distance. Each of the individual laser sheets is
LASER
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produced exclusively and in a sequence that is determined by the rotating mirror. 
Likewise the high-speed camera records the scattering from each of the sheets 
independently. The advantage of this arrangement is that it gives enhanced accuracy 
of the technique compared with standard PIV. A stronger signal is obtained, and 
therefore vector profiles are calculated on the basis of more than one pair of results.
In summary the advantages of PIV are:
• Allows the direct measurement of 3D vector profiles across a plane and the 
resolution of small-scale turbulence effects (typically 0.5-1.Omm resolvable)
• Non-invasive
However the disadvantages of the system are:
• The flow field container must be optically transparent, as in the case of LDV.
• The optical path length may be limited for a laser of a given power output. The
further the sample plane is from the laser source, the lower is the intensity of
radiation within the sample plane.
• The single-phase fluid flow needs to be seeded (but this should not be necessary in 
the case of finely-dispersed, bubbly flow)
• Relatively high system cost (k£40-50)
Computer modelling
At present, computer modelling of DAF tank flow behaviour is limited. A number o f 
computational fluid dynamics (CFD) models have been presented in the literature, 
either for single-phase flow (Ta and Brignall, 1997) or two-phase flow (Ta et al., 
1996. Fawcett, 1997). There was no direct validation of the CFD models of DAF 
presented by Fawcett. Some validation work, in the form of dye visualisation 
experiments, underwater camera imaging and ADV measurements, was carried out by 
Ta and Brignall (1997) and Ta et al. (1996). The velocity measurements that were 
made were limited in resolution, and only qualitative conclusions could be made as to 
the effects of tank geometry and flow rate on the flow field within the tank.
Fawcett’s CFD model predicted a marked difference in the flow field between the 
cases where saturated water is injected and where it is not. It is however difficult to 
ascertain the exact influence of the air. This is due to the fact that there is no 
simulated data for a saturated water stream that is single-phase only, i.e. a jet o f 
recycle water without air present. The CFD predictions placed a high importance on 
good blending between raw water and recycle streams. Both Fawcett and Ta et al. 
(1996) found that the higher the length/depth ratio, the better the performance of the 
DAF tank as predicted by CFD models.
The work of Ta and Brignall (1997) investigated a number of design features o f DAF 
tanks using a predictive CFD model. The predictions were that performance could be 
marginally improved by inclining the riser baffle from the vertical towards the 
horizontal, by lowering the effective height of the riser baffle and by raising the tank 
floor. No improvement was observed when the tank floor was inclined or when a 
perforated outlet pipe was used instead of the standard submerged weir outlet. The 
bases for these predictions were predicted RTD curves, and a particle removal model 
based on a first-order reaction equation as below:
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dC
dt
where k =
C refers to concentration of particles to be removed, tb is the ratio o f (magnitude of the 
gap between the top of the riser baffle and the water surface)/(terminal velocity of 
bubble/floc agglomerates)
The CFD codes used by the above authors were CFX v4 in the case of Fawcett, and 
FLUENT v4.4 in the case of Ta et al. Both these commercial codes allow multiphase 
flow to be modelled in one of two main ways. The volume of fluid (VOF) method can 
be used, where a single momentum transfer equation is solved throughout each 
control volume of the system under analysis. In order for this technique to work well, 
the interfaces between phases must be resolvable at the scale of the analysis grid. 
However in the case of DAF modelling, where the bubble diameter is so very small 
compared with the dimensions of the DAF tank, this method would require a vast 
number of grid points and equally vast computing power and time. The alternative 
method, which was used by both Ta et al. and Fawcett, was a finite volume method 
incorporating an algebraic slip mixture algorithm. This model assumes that the two 
phases (water and air) are present as interpenetrating media. This assumption removes 
the need for a detailed mathematical treatment of the interfaces between the two 
phases. In other words bubbles are not treated as individual entities but as a blurred 
volume fraction function throughout the control volume. This assumption becomes 
more acceptable as the bubble size becomes smaller, as in our case. The model then 
solves the momentum equations for each phase individually, sums them and adds a 
term that takes into account the relative (slip) velocity between them (Versteeg and 
Malalasekara, 1995).
The introduction of turbulence to the process requires a further refinement of the 
model. The direct simulation of flow within turbulent eddies requires a very large 
amount of computing power and time. The simplest method of incorporating the 
effects o f turbulence involves the averaging of the turbulent Reynolds’ stresses over 
the chosen time step. A number of models including the widely used k-£ model utilise 
this approach. A review of the various CFD models that are available is currently 
being carried out in order to determine the appropriate model for use in this project.
The major factor that is missing from current computer models is validation by 
appropriate use of accurate flow measurement techniques.
Research Programme
Long-Term
It is proposed that this four-year project should aim to deliver the following 
objectives. By means of detailed flow measurement within a laboratory model DAF 
tank, the base data for comparison with simulated results will be obtained. Computer- 
based simulations of flow within DAF tanks will be developed which build on the 
experience of previous models, and also incorporate features such as 3D geometry, 
multiple phases, distributed air bubble sizes and turbulence. The validity of computer
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models will be tested by comparison with measured data. The novel aspects of the 
project can be summarised as follows:
• In previous work where computer simulations of DAF have been developed, there 
has not been a thorough validation by flow measurement. This will be carried out 
within this work. The feasibility of laser techniques such as LDV and PIV will be 
investigated in the dense two-phase condition of DAF.
• The final computer model will be in full 3D, allowing the prediction of through- 
width effects and turbulent flow fields (in the two-phase condition) as a function 
o f nozzle position. These features cannot be modelled adequately in 2D.
• Novel methods of bubble discretisation will be investigated in collaboration with 
other researchers at the University of Surrey.
• The computer model that is developed will be used to propose optimal solutions 
for DAF performance. Experimental work using the laboratory model will be 
carried out to test these solutions and, wherever possible, comparisons will be 
made with real-tank data to evaluate the feasibility of scale-up.
• The environmental benefits of DAF have been highlighted within this document. 
More details of this aspect of the project will be gathered. At some point during 
the first two years of the project, a basic life cycle analysis will be carried out, 
comparing DAF to sedimentation and other appropriate methods of high-rate 
clarification. This will be an integral part of defining the environmental benefit of 
the project.
Short-term
The main objectives will be to develop an understanding of the hydrodynamics of the 
system and of how this is affected by the introduction of the second phase, air, to the 
system. Also it will be important at this early stage in the project to begin to 
distinguish between those aspects of flow behaviour that would be beneficial to DAF 
performance, and those that would be detrimental.
It is essential, for a fuller understanding of DAF performance, to be able to 
characterise the flow fields within DAF tanks. A laboratory DAF tank is available that 
will allow direct measurements of flow parameters to be made under various process 
conditions. The laboratory model is constructed o f clear Perspex, allowing the use of 
non-invasive, optical flow measurement techniques. Meanwhile other less 
technologically advanced techniques such as dye marker tracing and chemical tracing 
will also be used, as they may also provide useful information and are relatively 
simple to perform: A packed saturator vessel supplies the saturated air to the model 
DAF tank.
During the next six months it is proposed that flow measurements will be made on the 
DAF tank model under varying conditions of flow rate, tank depth and aeration. At 
present no facilities exist to assess the air delivery efficiency of the saturator system. 
A suitable-yet-simple system will be developed for this purpose, based on the work of 
previous authors.
It is hoped that at the very least, benchmark, single-phase flow patterns will be 
measured within the laboratory model tank. Preliminary two-phase experiments will 
be carried out once the system is in place to assess air delivery efficiency. This should 
be towards the end of year 1, time permitting. The data acquired from these
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experiments will be analysed and will provide a useful base from which to begin the 
development of computational models. A simplistic numerical model of DAF will be 
developed using the FLUENT CFD package available at both Kempton Park and 
Surrey University.
There are a number of other research sites that have a potential interest in the 
computational modelling of DAF that have been identified. Within the U.K. there are 
the University of Newcastle Department of Civil Engineering, Cranfield University 
Department of Fluid Engineering and Instrumentation, North West Water and 
Yorkshire Water. Internationally, there are research projects being undertaken in the 
DAF field at Chalmers University Department of Sanitary Engineering, Sweden and 
at Auburn University Department of Chemical Engineering, Alabama, USA. An 
important aspect of the present work will be to keep abreast of developments in these 
and other research sites. This is in order to avoid replication of experimental work, 
and to draw from their experiences.
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PROGRESS REPORT #2
A general paper on the use of small-scale models for CFD model validation was 
submitted and accepted for inclusion at the Computing and Control in the Water 
Industry (CCWI) 1999 International Conference at the University of Exeter, UK (13th- 
15th September 1999). A copy of this paper is included in vol. 2, Appendix I.
A paper was also prepared for the EngD conference in September 1999, a copy of 
which is included in vol. 2, Appendix II.
An overview of the project and its progress to-date was presented to the Process 
Group of Thames Water Research and Technology (R&T) on 26th May 1999. This 
was an opportunity for my Thames Water colleagues to make comments and 
suggestions on the way that my project was proceeding, in much the same way as the 
group meetings of the Multiphase Physics Group at the University o f Surrey give an 
opportunity for interchange of views with my colleagues there. I also made a 
presentation at the Inter-Departmental Seminar Programme at the University of 
Surrey, where I gained some useful feedback and suggestions. In particular it was 
suggested that I should check on the hydrodynamic stability of the. flow patterns 
within the D AF tank.
A paper was presented at the EngD Conference at Surrey University, which took 
place on 14th-15th September 1999. The paper is included with this progress report.
I have established contact with other people working on similar projects at Yorkshire 
Water, Cranfield University and North West Water. I am hoping that there will be 
opportunity for synergistic relationships in the near future.
Dye tracer testing was found to be less useful a technique for flow measurement in the 
DAF tank than had been the case for the preliminary experiments using the service 
reservoir model. The ideal ‘marker’ phase would be a neutrally buoyant material in 
the form of spheres that are large enough to observe using recording equipment 
(camera, video etc.). A number of potential materials have been tried and the most 
suitable to date has been a powdered polyethylene product. Other candidate materials 
are being tried as they become available.
I have carried out some preliminary chemical tracer experiments using the laboratory- 
scale model DAF tank. The technique gave results that will be useful for model 
validation and proved the applicability of the technique. The DAF tank was also set­
up for laser-Doppler velocimetry (LDV) testing between June 28th and July 23rd, and 
the results of this testing are currently undergoing detailed analysis. Preliminary LDV 
results were presented at the EngD Conference and it is intended that they will be 
included in a journal paper early next year.
Training
In addition to the mandatory EngD courses in Environmental Technology, I have also 
received training in the following areas.
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Laser-Doppler Velocimetry (LDV) Analysis
Training was obtained in the use of a DanTec laser Doppler velocimeter (LDV) at 
National Engineering Laboratory, Glasgow on 26th-28th April 1999. The specific 
application of the analysis equipment to the DAF tank was discussed and an action 
plan agreed prior to the shipment of the analysis equipment to Kempton Park. Health 
and Safety criteria had to be met, as imposed by Thames Water Utilities Ltd. (TWUL) 
and the implementation of these was assessed during installation of the equipment and 
actual testing.
Visit to DAF Treatment Centre (Farmoor WTWV
A visit was arranged to Farmoor Water Treatment Works, which proved very useful 
in terms of observing how a real DAF tank operates. I will also try to visit a DAF 
treatment plant that is used outside of the water industry (e.g. petrochemical or food 
industry), in order to see how the design of the tanks differs for the other applications. 
CFD Software Training
Formal training in the use of FLUENT CFD modelling software will be obtained on 
18th-21st October 1999.
Project Plan
It is important that a comprehensive understanding of the modelling algorithms used 
in FLUENT is built-up during the next six months. A basic CFD mesh for the 
laboratory-scale model DAF tank has been constructed. The theory of turbulent flow 
modelling, as simulated by FLUENT and elsewhere, is an active area at the present 
moment and will be during the next 2-3 months at least.
It is our intention during the next six months to produce a review paper setting out the 
physical basis o f previous DAF models, the CFD method of flow modelling that is 
being developed for DAF and the results of flow verification experiments.
A means of accurately and repeatably measuring the volume fraction of air (Vf) 
delivered by this system is still required. Simple bottle sampling techniques, based on 
the industry standard, have been found to be too imprecise for our purposes. An 
apparatus that should yield more precise results of Vf has been designed but is yet to 
be constructed. Preliminary two-phase experiments using LD V  were carried out 
despite this as the crucial experimental settings were noted (total flow rate of air + 
water, pressure of air and pressure of air-saturated water), then all that is needed is to
determine the Vf using those settings at a later date.
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PROGRESS REPORT #3
The review paper that was mentioned in the previous six-month report will now be 
presented as a conference paper at the International DAF Conference that is taking 
place between September 11th and 13th 2000. An abstract was submitted for this 
conference in May 1999, and acceptance was received in November 1999. The 
deadline for the submission of the full paper is May 15th 2000. The abstract is shown 
in vol. 2, Appendix III.
Following the completion of a training course in FLUENT flow modelling software 
(18th - 21st October 1999), the development of the DAF simulation accelerated. Up 
until last month this has been focused on producing a realistic simulation of the 
single-phase flow, i.e. water only without the addition of air bubbles. In this instance 
the important factors that must be built into the simulation are the appropriate 
specification of boundary conditions and the treatment of turbulence. The current flow 
model uses a standard wall function at the solid wall boundaries and simulates the free 
surface by enforcing on it a slip boundary condition in the x- and z- directions with a 
zero-flux condition in the y-direction. Solution convergence problems were 
experienced when a laminar flow momentum transport regime was adopted. It was 
observed that by refining the mesh near the walls of the tank, a laminar scheme could 
be used up to a flow rate of 1 2  litres per minute, but that beyond this flow rate 
convergence could not be achieved. When a turbulence model was introduced (the 
standard k-e model has been used up to this stage), convergence could be achieved up 
to and beyond the current maximum flow rate that can be physically achieved in the 
model DAF tank. A comparison has been drawn, based on simulated data, between 
the flow in the model DAF tank and that in a pipe of cylindrical cross-section at a 
range of Reynolds numbers. It is intended that we will be able to characterise the 
turbulence in the DAF simulation in terms of the corresponding Reynolds number in 
the cylindrical pipe. The viability o f using the k-e turbulence model is being examined 
in terms of the assumptions made by the model and by comparison with flow data 
obtained by the LDV technique.
It was noted during the last series of LDV flow measurements carried out in June 
1999 that the flow within the flotation zone fluctuated more than would be expected 
given the low average velocities within this region. There seemed to be evidence of 
transience in the flow. However the LDV apparatus that was used for the preliminary 
work was not ideally suited to the lower end of the velocity spectrum, as is 
characteristic of DAF. Therefore further investigation was necessary using LDV 
apparatus that is specifically adapted to the measurement o f low velocity flows. This 
is in order to establish the source of the data variation; this work is currently being 
carried out at the University of Surrey. Some of the LDV results obtained in this new 
round of analyses will be presented along with those obtained using the NEL LDV 
apparatus in the conference paper mentioned above.
Various options are available for the modelling of airflow within a liquid system. 
They can be broadly categorised as Eulerian multiphase and Lagrangian. Given the 
large concentration of small bubbles that are present in the DAF process, it would be 
preferable to use. the Eulerian scheme. Within this scheme two solution methods are 
available - finite volume and volume of fluid. Both techniques have their advantages
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and disadvantages. The volume of fluid method can capture details of surface 
perturbations that the finite volume method cannot. However more calculations are 
required, making simulations take longer. At this stage it is questionable whether 
surface perturbations are significant to make the volume of fluid method necessary. 
Using the finite volume method also has its problems, the main one being the accurate 
modelling of air escape through the boundary layer. A current focus is the writing of 
user-defined subroutines to perform this function.
A rough method of determining the volume fraction of air in the air-saturated water 
was developed which gave us a working figure for inclusion in our developmental 
model. A custom-designed version of this apparatus would still be useful though and 
should yield more accurate results. This will be constructed during the next six 
months for use in future experiments.
Training
In addition to the mandatory EngD courses in Environmental Technology, I have also 
received training in the following areas.
FLUENT Flow Modelling Software
Training was obtained in the operation of FLUENT flow modelling software and the 
associated mesh-building software package Gambit. The training has already been put 
to good use in the construction of meshes for the model DAF tank. Initial problems in 
the convergence of a single-phase solution for the model DAF tank were experienced. 
However refining the mesh near the solid walls and using the k-£ turbulence model 
obtained a smooth convergence. The data from the simulation can now be used to 
compare with the measured results obtained using LDV analysis. The areas of highest 
turbulence energy production and dissipation were found in the vicinity of changes of 
flow direction, as would be expected. Comparisons have been made between the 
intensity values typical of the DAF simulation and those produced in straight 
cylindrical pipe sections.
Laser-Doppler Velocimetry (LDV) Analysis
Training was obtained in the use o f a TSI laser-Doppler anemometer at the Chemical 
and Process Engineering Laboratories, Surrey University, during the end of January 
2000. The apparatus at the University of Surrey has greater velocity resolution within 
the velocity range of interest to this project (typically between -0 .1  and 0 .1m s-1). 
Experimental work is being carried out at this time with the main aim of isolating the 
turbulent fluctuations that are present in the DAF tank, particularly in the contact zone 
where the bubbles and water-borne particles meet.
Further visit to Farmoor WTW
A further visit was arranged to the above site in December 1999 with the objective of 
deciding what could be achieved with regard to process measurements on the DAF 
lanes at Farmoor. It would be beneficial to my project to have detailed benchmark 
figures o f environmental performance for operational DAF tanks (in terms of energy 
consumption, raw materials, land usage, flow rates and efficiency, compared with an
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appropriate settlement process). It was decided that this could be of mutual benefit, 
and plans were made as to how the work could be carried out. I have since decided to 
postpone the work until the warmer months, when the DAF process has to deal with 
algae blooms in the source water. I feel that the data obtained then will be more 
useful. I have yet to arrange a visit to a DAF treatment plant outside of the water 
industry, but I still feel that this would be a useful exercise. However I intend to tackle 
the use of DAF in the water industry as the priority task.
Project plan
It is important that we are able, by the use of laser-Doppler velocimetry (LDV) and/or 
particle imaging velocimetry (PIV) to isolate the turbulent velocity fluctuations from 
the background velocity within the DAF tank. The reason is that the choice of 
turbulence modelling approach must be influenced by the intensity, type and 
distribution of turbulence in the model DAF tank. Efforts have been hampered by the 
presence of a quasi-periodic fluctuation in the water velocity within the DAF tank. 
There are a finite number of potential sources for this observed fluctuation, and these 
were identified during a project meeting in February (notes attached below). It is 
crucial that this fluctuation be removed in order that the fluctuations due to turbulence 
can be assessed.
The Eulerian multiphase finite-volume model that is under development has problems 
of convergence due to the fact that there is as yet no mechanism to allow escape of air 
from the simulated free surface (based on a slip wall). What is required is some user- 
defined means o f introducing source terms for the momentum of both air and water at 
the free surface and also for the mixture density. This is a current focus of effort and 
must be resolved in order to move towards a journal publication of this work before 
the end of the next six-month period.
Notes o f project meetine re: velocity fluctuations
Fluctuations in velocity are greater than expected about the mean, and they appear to 
be periodic in nature. This could be due to:
• Problems with the set-up of the LDV apparatus that were unforeseen.
• Vibration from submersible pump transmitted to tank.
• Transient, non-steady nature of flow over inlet weir due to feed method/geometry 
of inlet tank.
• Inhomogeneous dispersion of seeding particles within the flow.
Possible solutions:
Problems with 
LDV apparatus
■ Contact the suppliers of the LDV apparatus for advice.
Vibrations ■ Heavy weights on tank section to increase the inertial mass of 
the tank
■ Rubber damping layer.
Transience of inlet 
flow
■ Feed by gravity (if pump pulsing is the problem).
■ Re-design the inlet section to smooth flow before the weir.
Particle dispersion 
problems
■ Stir the particles in the reservoir to avoid settlement.
■ Use a dedicated pre-stirring system.
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Actions:
Contact BIRAL and send samples of data. Done -  awaiting feedback.
Carry out tests at extremely low flow rate 
( 1 .01pm) as comparisons.
Done -  no significant effects.
Carry out tests using fourlOkg weights, 
one on each comer of the tank, to 
increase damping.
Done -  no significant effects.
Improve stirring and assess effect on 
velocity results.
Done -  no significant-effects.
Implement flow smoothing in the inlet by 
changing to gravity feed.
Not done for practical reasons.
Change flow in the inlet to a piped supply 
direct from the mains.
Done -  no significant effects.,
Fitting a flow modifier to the inlet in 
order to smooth out the flow in this part 
o f the tank.
A basic flow modifier was used which 
reduced the frequency and intensity of 
perturbations at the inlet weir. However 
the LDV results of LDV still displayed 
similar fluctuations.
On examination of the data obtained using the ID TSI LDV apparatus, it was agreed 
that the fluctuations could be due to systematic error. The decision was made to 
approach the EPSRC with a view to loaning 2D LDV equipment that would be more 
suitable for the flow mapping work.
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PROGRESS REPORT #4: DISSERTATION DOCUMENT
My previous academic supervisor, Dr M.J. Biggs, has recently moved to take up a 
new post in Edinburgh, Scotland. Professor John M. Smith of the Chemical 
Engineering Department at the University of Surrey has agreed to take on the role of 
academic supervisor.
Overall Goals and Objectives
The purpose of this research project is to provide measured data and to develop a 
mathematical model to predict the flow behaviour and performance of dissolved air 
flotation (DAF) tanks.
The requirement of the mathematical model is to simulate hydraulic phenomena that 
would affect the DAF process performance. Meanwhile the experimental data should 
provide an accurate basis for model validation. Laser Doppler anemometry (LDA) 
and particle imaging velocimetry (PIV) are non-intrusive measurement techniques 
that were chosen for the experimental investigation in this project.
Likely Contribution to Knowledge
This work is likely to add to knowledge in two key areas within the field of DAF 
research. The first addition is the understanding of air/water flow. Although the DAF 
process has been widely used in the water industry, flow in the presence of small air 
bubbles is not fully understood. This project aims to bring about a greater 
understanding of the flow processes of DAF, and to provide a suitable database for 
validation of numerical models of this water treatment process.
The second addition is the development of a mathematical model. The model is 
compared with measured data so that its accuracy is known and confidence in the 
model’s performance is thus increased. The choice o f boundary conditions is a major 
issue in the successful modelling of the DAF process.
It is anticipated that the contributions to knowledge be summarised in the form of 
peer-reviewed, published journals. The first would be aimed at more 
technical/theoretical-biased journals such as the International Journal of Multiphase 
Flow or Chemical Engineering Research. The second would be targeted more at water 
treatment journals such as Water Research or Water Environmental Research. There 
may also be scope to publish further results at appropriate water industry conferences.
Introduction to dissolved air flotation (DAF)
Basic Principles
Flotation is a method for the removal of low-density matter from a fluid suspension, 
with the fluid generally being water. In dissolved air flotation, a fine dispersion of air 
bubbles is formed and mixed into the particulate suspension. The objective is for 
particles, droplets or floes to attach successfully to an air bubble (or several air 
bubbles). Floes are agglomerates of particles bound together by chemical species in
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the flocculation process (Tambo and Watanabe 1979, Scriven 1997). Provided that 
there is sufficient air attached to a given floe, the bubble-floc agglomerates have a net 
density that is less than the water surrounding them. They are thus lifted towards the 
upper surface of the tank by the buoyancy effect. Provided that they do not become 
detached from their air bubble(s) they drift upwards and eventually meet the open 
upper surface of the tank, where they gather to form a particle-bubble frothy sludge 
layer. This sludge layer can then be removed periodically by either mechanical 
scraping or flooding techniques.
Depending on the volume of raw water to be treated and the nature of the process that 
creates the raw water, flotation can either be run as a batch or continuous process. The 
air bubble size is a critical factor in flotation performance. In the domain of minerals 
processing (see below) it is often desirable to use larger air bubbles, of a diameter 
between 100pm and several millimetres, due to the requirement for a strong buoyancy 
effect (Feris and Rubio, 1999). However for most other applications where the 
particles to be removed are easily fragmented by shear, the use o f larger air bubbles is 
not desirable (Vlaski et al., 1997). Smaller bubbles (< 100pm) are more useful in the 
flotation of delicate particulate matter, and is the subject of this project.
Small air bubbles (< 100pm) may be formed in a variety of ways: vacuum degassing, 
electrolytic dissociation, air induction or pressurised degassing.
The vacuum degassing method relies on creating a vacuum within the airspace above 
the tank. This then leads to a degassing of the water in the form of fine bubbles of the 
desired size distribution. Vacuum degassing can only be applied to a batch process 
because of the needs for vacuum formation. Also the quantity of air is limited by the 
equilibrium dissolution of air at ambient pressure.
Electrolytic dissociation refers to the splitting of water molecules into gaseous 
hydrogen and oxygen in a dilute electrolyte solution. This consumes electricity and 
requires production and maintenance of suitable electrodes (Zabel and Melbourne, 
1980).
Two more widely used techniques of bubble production are air induction and 
pressurised degassing. Air induction involves the use of mechanical action to saturate 
water with air under pressure of 5-7 bar gauge pressure. Releasing this pressure gives 
rise to finely divided bubbles of air in water. Recent developments in this field have 
reduced the average bubble size that can be achieved, broadening its applicability. 
Pressurised degassing involves the dissolution of air into water within a pressurised 
chamber (also typically operating at 5-7 bar gauge pressure). The air-saturated water 
flow is often referred to as ‘recycle flow’ due to the fact that a certain proportion of 
the filtered water downstream of the DAF tank is used as the water to be saturated 
with air. This recycle flow is then injected into the tank via a depressurising nozzle to 
form a cloud of fine bubbles. The ratio of recycle flow to main flow is referred to as 
the recycle ratio. The longer saturation period leads to a more efficient saturation of 
water with air, leading to smaller bubble size by the pressurised degassing method.
Flotation based on this last bubble production technique is known as dissolved air 
flotation (DAF). The DAF process thus relies on three main components:
• Pressurised saturator chamber, pressurised water and air supplies and nozzle
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delivery system.
• DAF tank, comprising inlet section, mixing section (known as reaction or contact 
zone), sludge layer formation section (known as flotation zone) and outlet section.
•  Removal system for sludge layer.
Many designs o f DAF tank exist, but they all share the common three components 
above. Most of the differences between them lie in the layout o f the DAF tank itself. 
The basic geometry o f the tank may be cuboid or cylindrical, with or without internal 
baffling. Also the air-saturated water may run with the main flow (co-current) or 
against it (counter-current). A common design o f DAF tank is illustrated in Figure 12 
below.
Sludge layer Sludge outlet
\  channel
Influent
Contact 
Zone
Flotation
Zone
i \
Effluent
air-saturated 
water supply
Figure 12: Typical DAF tank (co-current, cuboid, internal baffling)
Uses and applications
The DAF process is used in four key areas. These are:
• Ore refining
• Sludge thickening
• Waste water treatment
• Drinking water treatment
When DAF is applied to the process o f drinking water treatment, it is generally used 
as a means of primary clarification. Secondary clarification generally comprises rapid 
gravity filtration and/or membrane filtration. DAF is used in particular to remove a 
large'proportion of the low-density floes in the water, which could otherwise block up 
the filters/membranes. DAF is an alternative clarification option to sedimentation; the 
latter encounters problems when the raw water contains high concentrations o f  
organic matter or light floes such as algae, fulvic acids, humic acids or flocculated 
residuals. Figure 5 shows where DAF, as a primary clarification process fits into the
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process stream of drinking water treatment. 
Environmental Issues
The DAF process is one method of primary clarification among many. It is vital to the 
success o f this project to be able to show the environmental benefit of the DAF 
process itself, but more importantly to be able to put into context the benefits of 
modelling the process. Very little work has been done on comparing the 
environmental impacts and benefits of drinking water treatment processes, tending to 
concentrate more on wastewater treatment (Green et al. 1995, Schneider et al. 1995). 
It is proposed that an environmental impact assessment be carried out on a typical 
DAF process (using both induced air and pressure degassing) compared with a widely 
used alternative (sedimentation clarification). This work will be based around LCA 
principles already applied to other areas of water treatment (Dennison et al., 1998) 
although the level of detail may need to be reduced for this work bearing in mind the 
time available. A schematic of the process boundary is shown in Figure 13.
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Chem icals 1 (headloss)f
Energy
Flocculator
(headloss)
Energy
Materials
R ecycle  
water
Clarifier (DAF 
or other)
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Saturators
Filter bed
Backwash : 
water our
4
W aste process 
sludge
Figure 13: Process boundary of DAF for purposes of comparative environmental 
impact assessment.
Benefits of modelling the DAF process
It is extremely useful in the design stage of a water treatment operation to be able to 
predict the performance of a tank of given geometry under given operating conditions. 
This reduces the costs of pilot-plant development, which account for a large 
proportion of total project cost and shortens the design time. Previous authors have 
reported models of DAF performance based on empirical observation combined with 
statistical analysis (Adlan et al. 1997, Krofta et al., 1995). A common approach is 
applied to both these studies. This involves assuming that the performance of a DAF 
tank, in terms of removal efficiency of a given floe type, is a direct function of certain 
input variables. These input variables include the dimensions of the tank, the rates of
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main and recycle flows and air content of the recycle flow. Thus removal efficiency is 
an undefined function of these input variables. By carrying out experimental 
measurements of floe removal efficiency under known conditions of the input 
variables, a database can be formed. Statistical analysis of this data can yield an 
approximate equation in terms of the input variables that ‘fits’ the measured data. 
Such models are used as the design tools for DAF tanks when the operating 
conditions are identical or similar to those used in the defining research. This method 
has a number of disadvantages however. Firstly, the pilot plant/experimental tank is 
smaller than the full-scale tank, so scaling up to the full-size situation may be 
problematic. Secondly, such models are restricted to investigating, in any meaningful 
detail, the effects of changes made to a certain set number of variables.
In this project, we concentrate only on the hydrodynamics of the process. Our aim is 
to develop a mathematical model that can be used to predict fundamentally the flow 
pattern in the DAF tank. Fundamental laws of momentum and species conservation 
must be obeyed in deriving the solution; hence the issue of scaling the solution is 
avoided.
There are essentially two processes occurring in DAF, different in nature and physical 
scale, but also inherently linked. There is the bubble-floc attachment process, where 
the scale of the domain is of the order of the bubble or floe diameter. Meanwhile there 
is also the flow of air bubble/flocs agglomerates within the DAF tank, where the scale 
of the domain is defined by the geometry of the flow space within the tank. The 
bubble-floc attachment process is heavily dependent upon the local flow conditions at 
the corresponding point within the tank, however the flow conditions are unlikely to 
be significantly altered by the bubble-particle attachment process. The concentration 
of floe particles is sufficiently low that its influence on the bulk hydrodynamics is 
negligible in drinking water treatment. However the concentration of air bubbles can 
be significant, not only in the contact zone but also in the flotation zone, and the effect 
of this on the bulk hydrodynamics needs to be taken into account.
The tool of computational fluid dynamics (CFD) has proven useful in modelling the 
bulk hydrodynamics of DAF (Fawcett 1997, Ta et al. 2000) and is being used in this 
work. This grid-based modelling procedure is described later, along with other 
mathematical, hydrodynamic modelling techniques. A number of mathematical 
models of bubble-floc attachment have also been presented in the literature. These 
mathematical models make certain assumptions regarding the flow condition in the 
surrounding water and the mechanisms of bubble-floc attachment to predict DAF tank 
performance. A review of these models is given below and conclusions are made 
regarding the treatment of bubble-floc collision within the current DAF model.
Modelling of bubble-floc attachment - overview and discussion
Collision efficiency models are a broad class of mathematical model that aim to 
calculate the probability of collisions between particles suspended in a fluid. These 
models may be classified as internal flow or external flow. If  the fluid containing the 
particles is assumed to flow through a continuous, porous media, then the model is of 
the internal flow variety. This is the case for flow through a filter bed, fluidised bed or 
membrane. If the fluid flows through a suspension of discrete particles, then the 
model is of the external flow variety, such as in flotation processes.
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In the case of DAF, the objective of a collision efficiency model is to predict 
efficiency of floe capture by air bubbles. This is expressed in terms of the removal 
efficiency factor, E, resulting from an isolated particle-bubble interaction. The 
expression for E is shown in its general form below (Luttrell and Yoon, 1992):
E = p a (l -  y) (1 )
where p is the collision efficiency factor, a  is the attachment efficiency factor, and y 
is the detachment probability between the time of attachment and the time of arrival at 
the surface of the DAF tank. A number of mathematical models have been based on 
this broad framework. These are described below.
Spherical collector collision efficiency (SCCE) model (Edzwald, 1995)
The theoretical basis for this model comes from work by Reay and Ratcliff (1973) and 
Levich (1962). The assumption is made that three modes of floc-bubble collision may 
be active for a given floc/bubble system. These are:
• Diffusive transport (Brownian motion)
• Interception
• Gravitational settling
4
It is usual to express the collision efficiency factors due to these three methods 
separately and to combine their effects in a straightforward sum to give the overall 
collision efficiency factor, p j:
p T = P d + P i +*1g (2)
This assumes that the governing expressions for the rates of mass transport by 
convection and diffusion may be explicitly defined:
v.Vc = DV2c + v • —  (3)
dz
The first expression on the right describes the purely diffusive transport of the 
concentration, c. The second expression describes both the interception (suffix T )  and 
the gravitational settling (suffix ‘s’) transport terms for concentration.
Each of the collision efficiency factors is itself a ratio o f two rate factors: the rate at 
which floes flow to or across the hemispherical surface of the bubble, I, divided by the 
total rate of flow of floes through the flow volume defined by the bubble, J. The 
algebraic derivation of these terms is not carried out here, but the assumptions that are 
made are discussed.
N.9.U:lPxhiil?PLdtffMiy.?.JiPP.?ppxL(LEyA9.hJ.2^ 21
The mutual diffusion coefficient is calculated using the Einstein equation assuming 
floes are much smaller than the bubble. The diffusion coefficient, D, is calculated
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accordingly. An expression is derived for the rate of diffusive transport of particles to 
a freely falling spherical collector in the absence of turbulence. The equation is valid 
for low-velocity flows (particle Reynolds number «  1, Peclet number (Pe) = 0[1]) 
where the assumption of axisymmetric flow is valid. The rate at which particles flow 
through the volume defined by the bubble’s path, J, is given by the expression:
J  -  C f 0 7 t d b V bt . . .
D 4A S' ' 3 ( )
Where As is the Happel’s cell parameter (which correlates the porosity of a system to 
the resistance to flow through it), Vbt is the terminal velocity of the air bubble and Cfo 
is the concentration of air bubbles of diameter db in the bulk fluid. The Happel’s cell 
parameter is a function of system porosity (Rajagopalan, 1979) and in this case it is 
assumed that As1/3 = 1, or that the porosity tends towards 100%. This assumption is 
only valid once the dense micro-bubble cloud in the contact zone has been sufficiently 
diluted. The collision efficiency factor for non-turbulent diffusion is as below:
<  = 0.9
/  \ 2 / 3
kT (5)
, K dcv ibt J
where k is the Boltzmann constant, T is the temperature in degrees Kelvin and p is the 
kinematic viscosity of the bulk fluid. The term df, the floe diameter, is assumed to be 
much smaller than the bubble diameter. If the floe is of the same order of size as the 
bubble (as in our case) then the constant term in equation 5 is simply changed from
0.9 to 1.4 to reflect this.
f.E-.e.oy.. on.4. RytP.UfL. 19.7JJ.
Motion of a single floe in a fluid is taken as the basis of this model, neglecting 
unsteady state drag forces and assuming no lift forces (symmetrical velocity gradient 
on either side of the bubble). It is assumed that both the bubble and floe reach 
terminal velocity instantaneously. The changes in velocity of floes are assumed to 
occur virtually entirely within one bubble radius of the surface of the bubble. This is 
the main approximation of this model that differs from the trajectory analysis 
modelling approach described later. The flow mechanism is assumed to be that of 
creeping flow (Clift et al, 1978), allowing the relative velocity of floe and bubble to 
be calculated in terms of the bubble radius and its velocity relative to the surrounding 
fluid. It is assumed that the bubbles behave as solid spheres, which is justified by their 
small size and the presence of surfactants in the water. Edzwald’s model used the 
approximation below for all floes, although strictly speaking it is only valid for floes 
of specific gravity = 1.5:
3 df2 ^Tl' = T 7 T  ( 0
2 d b
Qr.9ylt9dLQPPL?s.Uli/}s.
If  the floe is very dense (specific gravity >= 2.5) then it will tend to fall so rapidly 
relative to the rise of the bubble that it may be assumed that the floe will break
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through the streamlines of fluid around the bubble and directly meet the bubble 
surface. The collision efficiency associated with gravitational settling can therefore be 
expressed by a simple ratio of the terminal velocities of the floe to the bubble:
-  v  2 
Vb, ( P „ - P b ) d b
( P f - P w ) d f 2 ( P f - P w ) d f 2
P „db
(7)
For the combinations of floe density and size typically encountered in DAF, 
gravitational settling plays an insignificant role as pt- -  pw « 0. Although this 
expression seems to be, under certain combinations of values for the dependent 
variables, greater than 1 -  it is unlikely that any bonds formed under such 
circumstances would remain as the relative buoyancy forces and residual momentum 
would tend to pull the floe and bubble apart.
Expresswn for colli si onm efficiency
It is assumed that each collision has an equal probability of resulting in a sustained 
bond between collector and particle, allowing the definition of the attachment 
efficiency by a simple attachment efficiency factor, a , having a value between 0  and 
1 .
The model defines the attachment efficiency factor, (for successful floc-bubble 
interactions) as per the general equation ( 1 ), where it is assumed that y =  0 :
E = 0.9
kT
x 2 / 3
vP-dbd fV bt J
+
3df 2 C  f 2(pf - p j
2d b V 3 P,
a (8)
The rate of successful floc-bubble interactions is then the product of the attachment 
efficiency factor, the concentration of bubbles, the concentration of floes and the 
volumetric flow rate of floes through the interaction volume of a bubble. Hence the 
concentration of free floes as a function of time can be expressed as follows:
dcf
dt
~  T ' ( A bC b0V bt ) C f (9)
red,
where Ab is the area presented by the bubble to the floe ( — Thi s assumes that the
bubble concentration is much greater than the floe concentration throughout, allowing 
the approximation Cb = Cbo = constant to be made. This can then be used to predict 
removal efficiency for a given floe size, bubble size and initial concentrations of both 
species.
dcf
= -E (A bcb0Vbt)dt or c = ef
-K t
(10)
where K = after substituting for Ab and Vbt. Stokes’ law is
72v
assumed to hold for the bubble terminal velocity, Ybt. It is further assumed that only
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one floe can attach to each bubble. Interaction between bubbles is also neglected from 
this mathematical treatment.
Discussion
The interaction of floes and bubbles is assumed to occur by a combination of three 
mechanisms, diffusion by Brownian diffusion, interception and gravitational settling. 
Gravitational settling only becomes significant when the specific gravity of floes 
exceeds about 2.0. This is generally not the case in potable water treatment. Collision 
by Brownian diffusion is only significant for smaller floes in the sub-micron range. 
The predominant collision mechanism is interception, for floes of a size typical to 
DAF treatment of potable water.
This model predicts that for the ranges of floe size and bubble size and density of 
floes, there is a minimum in collision efficiency at a particle diameter of around 1 pm. 
Edzwald carried out an analysis of residual particulate matter in DAF-treated waters 
from pilot plants in Sweden and U.S.A. These results were in broad agreement with 
the predictions of the collision efficiency factor model.The model assumes localised, 
dispersed plug-flow conditions axisymmetric with gravitational force, i.e. all floes and 
bubbles travel directly up or down only. Thus the model is limited to application in 
the contact zone. The air bubbles that remain in suspension affect the flow within the 
flotation zone of the DAF tank. For this model to be applicable in the flotation zone, 
with its complex, non-axisymmetric flow patterns, the governing equations would 
have to be reviewed and revised where necessary.
Kinetic model (Fukushi et al., 1998)
This model takes the alternative approach of treating the floc-bubble interaction 
process as analogous to the flocculation process. It extends the floe size range that can 
be effectively modelled to 1mm, which may be beyond the economic limit for the 
flocculation process but nonetheless gives flexibility to the model. The mechanism of 
floc-bubble interaction is assumed to be diffusion within the isotropic, turbulent flow 
regime. It is assumed that once a bubble passes through the boundary defined by the 
interaction sphere (diameter, B = df + db) it is jn  contact with the floe. It is assumed 
that diffusive transport of air bubbles to the floe occurs entirely by virtue of eddies 
that fall within the dissipative range, i.e. less than the Kolmogorov limiting eddy 
length scale, Xq. Thus it is assumed that the turbulent motion in these eddies is 
isotropic. The turbulent energy dissipation rate, 8 , is assumed to be constant 
throughout the contact zone, and to be a function of the energy supplied by the flows 
entering the tank and the average residence time of flow within the tank.
Placing a given floe at the origin (r = 0), the assumption is made that the 
concentration of air bubbles in the vicinity of a floe varies as an inverse square
1
C b c c ~
function o f the distance from the floe, i.e. r . The turbulent diffusion 
coefficient, Dt, can be expressed in terms of the length scale of the turbulent eddies, X, 
and the fluid velocity gradient across the eddy:
• (11)
31
Where v^ is the characteristic eddy velocity. Within the volume defined by the
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limiting length scale, A-o, viscous effects dominate. This is the dissipative range in 
Kolmogorov’s energy spectrum, and for water under the flow conditions typical of 
DAF, it would be expected to be within 1mm of the floe. Most bubbles and floes have 
diameters less than this or not much larger, so it is fair to assume that diffusional 
transport of air bubbles to the floe occurs almost entirely by virtue of eddies that fall 
within the dissipative range. Thus it is also fair to assume that the turbulent motion in 
these eddies is isotropic.
For eddies within the dissipative range, eddy velocity is given by:
vx
(  V ' 2E
(12)
If we assume that the average value of Dt within the envelope of the interaction sphere
•pB :has a characteristic length, X, of B/2, then for r < Xq^ D t =
.2 r \ 1/2 s
(13)
The concentration of free air-bubbles at the surface of the interaction sphere (r = B/2) 
is assumed to be zero and the concentration of free air-bubbles then increases to the 
maximum of Cbo as the distance from the floe, r, tends towards infinity. Hence the 
concentration at a given distance from the centre of the floe, r, is given by:
Cb ~  Cb0 1 -
B 2 \
4 r‘
(14)
These are the boundary conditions of the system, assuming that each floe can be 
treated in isolation. This is valid for dilute solutions as in the treatment of drinking 
water, but would become invalid if the concentration of floes became larger.
The important quantity for this model is the flux of air bubbles that would be expected 
at the interaction sphere surface, i.e. r = B/2. The flux is given by the equation: 
dcw
j = D ,-T 7  (15)or
Incorporating the differential of (14) gives:
J =
3Dtc bpB
4 r3
(16)
Combining (13) and (16) at the interaction sphere boundary (r = B/2), gives: 
r V /23PBc bO (17)
Thus the rate of collisions per unit volume can be calculated:
dnf -p2 ,• -)ttPB cf0cb0— 71 o  cfj = --------------- -
dt
1/2
(18)
Where Cf is the concentration of floes. Multiplying this by the attachment efficiency 
factor, a ,  gives the rate of successful attachments per unit volume. The constant p is
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I/*}
found to have a value of (1/15) ".
The assumption is made in this model that an air bubble may collect more than one 
floe during its passage through the contact zone. However the attachment efficiency 
factor, a , of a bubble reduces with each floe that is captured. This is assumed to
’ i d f2follow a linear pattern with a maximum mp, where m F cc —— .
An iterative population balance model can then be used to determine the proportion of 
the total floes that are attached to 1 , 2 , ...., mr air bubbles.
The experimental verification set out to correlate experimentally observed floc-bubble 
agglomerates and their relative velocities with predicted values from the model. 
Experimental verification was carried out within both a batch and a continuous flow 
apparatus. The value of the turbulent energy dissipation rate, s, was determined either 
from maximum floe size in a given agitation field (Tambo and Hozumi, 1979) or from 
the kinetic energy of the air-saturated water stream, assuming all kinetic energy is 
dissipated within a given time during the experiment. The concentration of air bubbles 
was only calculated theoretically using Henry’s law and assumed that all excess air is 
converted into bubbles. It was assumed, on the basis of the narrow bubble size 
distribution that was observed, that the bubble diameter used for the model was a 
constant 60pm. Experimental observations were made by photography of the relative 
proportions of floes that were attached to air bubbles. Correlation was found to be 
good between predicted and experimentally determined rates of rise of bubble-floc 
agglomerates. However comparison was only carried out at one flow rate, which 
corresponded to a very low-flow, quiescent situation (overflow rate of 1 .8  m hr'1, 
volumetric flow rate of 1.2 1pm). These conditions are not representative of actual 
operating conditions in a DAF tank.
Plug flow  model (Baeyens et al. 1995, Liers et al. 1995)
A co-current, axial-flow, cylindrical model DAF tank was used for these works. In 
this experimental arrangement, saturated water was injected into the feed water pipe 
of the DAF tank upstream of the contact zone via an air-diffusing nozzle. The design 
geometry of a typical co-current DAF tank is very different to that of this model, and 
this is reflected by their flow regimes being significantly different. This work may be 
more applicable to studies of COCO-DAF, where the tank geometry is similar. 
Essentially an identical form of bubble-floc attachment algorithm was used to the 
SCCE model above. However a dispersed plug flow field was assumed for the fluid, 
allowing a more realistic distribution of residence time values to be entered into the 
SCCE model. The only other notable difference is that Liers et al. introduced the 
expression for deviations from Stoke flow behaviour at higher particle Reynolds 
number: Cd= 45/Re0'75 for l<Rep<50.
The average residence times, experimentally obtained, were re-introduced into the 
equation for bubble filter efficiency. These were not compared with experimentally 
obtained values of solids removal however. What was shown in this work was how a 
co-current cylindrical DAF tank could perform much better, for a given overflow rate, 
than a conventional rectangular basin DAF tank.
Liers et al. calculated removal efficiencies for particulate matter under conditions of
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varying air content (in saturated water) and flow rate. High-speed photography was 
used to measure size and velocity of both floes and bubbles. A critical particle size 
was determined for a given combination of total airflow rate, total water flow rate and
to be unsuccessful.
Trajectory analysis model (Leppinen 1999, Han and Kim 2000)
These models use an equation for the motion of two spheres relative to each other 
within a fluid that was originally developed by Batchelor (1982):
where V 12 is the relative velocity between floe and bubble, r signifies the distance r 
between the two species and 0  signifies a distance such that no interaction takes place 
(r tends to infinity). The relative mobility functions L, M, G and H are given by 
equations that are not listed here for the sake of brevity, but are functions of s, the 
dimensionless inter-particle separation, X the diameter ratio of floe and bubble, and y 
the buoyancy ratio of floe and bubble.
The variable 9  in the above equation represents the inter-particle potential force, 
which is the sum of the van der Waals and electrostatic forces according to DVLO 
theory (Elimelech et al., 1995). By calculation of the instantaneous relative velocity 
and corresponding adjustment of the particle separation vector, r, a value for the 
critical trajectory can be found. This means that for a floe approaching a bubble, if  the 
horizontal distance between its centre and the axisymmetric axis of the bubble is less 
than or equal to the critical trajectory, then the two will collide. If the distance 
separating them is greater, then they will not collide. Also however, if  there is a net 
repulsion between the floe and the bubble (due to a low value of the attachment 
variable a) then the floe and bubble may never collide. This is due to the lubrication 
forces, as the two entities approach, being too great compared with the net attractive 
forces of the system (Laskowski, 1974).
This model also makes the assumption of axisymmetric, non-turbulent flow. The 
essential difference between its approach and that of Edzwald is to analytically derive 
the particle trajectories including inter-particle forces. The model of Edzwald assumed 
that the particles could not cross streamlines, and calculated the grazing trajectory on 
this basis. While this model, in common with Edzwald’s, only deals with the case of 
single bubble-floc interactions, others have demonstrated how trajectory analysis 
theory can be extended to include multiple bubble assemblages, thus mimicking the 
bubble swarm that one experiences in the DAF process (Flint and Howarth 1971).
bubble size. Below this critical diameter, the flotation of the particle was considered
(19)
37T|_idbd f |_r ( r J
(p f ~ pw)
(p b -p w )
(20)
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Summary o f  mathematical models offloc-bubble attachment
The various assumptions made by the mathematical models of floc-bubble attachment 
discussed above are summarised in Table 2 below. It is clear that certain models are 
more applicable to the bubble-floc attachment process in certain parts of the tank than 
others. The kinetic model of Fukushi is more applicable to the zones where turbulent 
dissipation is more prevalent and allows for multiple bubble attachment, albeit by a 
scheme based on gross simplifications of the bubble-floc shape, which /would be no 
less valid for other models. The trajectory analysis discussed here allows the influence 
of flocculation parameters to come to the fore by incorporating the direct effect of 
electrostatic interaction (via the relative zeta potential). In streaming areas of the flow, 
such as near the upper surface and the floor of the tank, one may make the assumption 
that the flow of bubbles is axisymmetric if the streaming velocity is considerably 
higher than the velocity of either floes or bubbles. The plug flow model could also be 
adapted in order to incorporate areas of re-circulation on the basis of a parallel mixing 
tank type of model in line with the theory put forward by Levenspiel (1972) and 
Westerterp (1984).
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Modelling hydrodynamics by computational fluid dynamics (CFD)
We have already seen which are the important variables at the scale of floc-bubble 
interaction. We have also discussed how these variables may vary in accord with and 
be influenced by the bulk hydrodynamics within the DAF tank. The DAF process 
comprises two fluids, water and air, which flow through a volume bounded by the 
walls of the tank and a solid phase, the floes, which also flow along with these fluids. 
The principal objective of this work is to establish a model that describes the air/water 
flow within the DAF tank. We are assuming in the case of drinking water treatment 
that the concentration of floes is low enough and the density of floes is near enough to 
that of water that they have a negligible influence on the bulk hydrodynamics o f the 
DAF tank (Wilkinson and Waldie, 1994). We also assume that the system is 
essentially isothermal throughout, removing the requirement to solve any energy or 
entropy conservation equations (Wulff, 1989). There are three laws of fluid mechanics 
that govern the flow of such fluid systems: the law of mass conservation, Newton’s 
second law of motion and the phase conservation equation. The phase conservation 
equation simply ensures that the sum of the volume faction of air and water is unity in 
the whole domain: V fair +  V f water= 1-
Application of the mass and momentum conservation conditions, throughout the flow 
domain, yields a solution to the flow field. Certain boundary conditions for the air, 
water and the domain boundaries themselves are also required.
Mass conservation
\
(21)F y w v . P , u . . „ »dt
‘dpadV
Vv ^  v j
where uyjc refers to the velocity components in the three axes and p is the density of 
the material. The first integral term on each side defines the effect of density changes 
and the second term defines-the effect of mass flux through the bounding walls of the 
volume V. In the case where the density does not change throughout the process the 
first integral term is zero. This is approximately true in the case of DAF. The pressure 
values typical of the process (neglecting the higher pressure of the recycle prior to 
entering the tank) are low enough that the assumption of incompressible fluid may be 
made for both the air and water. If the properties are also assumed to be the same 
throughout the volume V, then the expression simplifies:
V.pwu1,j,t = M v . p 1uu k ) ■ (22)
P a
This has defined a control volume or computational cell of volume V within which all 
flow properties are equal. Obviously as the volume is decreased in size from the size 
of the entire flow domain, the number of cells that are required to fill the flow domain • 
will increase. However the accuracy of the solution that satisfies the governing 
equations and boundary conditions will also increase. There will come a point though 
where any further decreases in the size of the computational cells (increasing the 
number of cells required) will give no significant improvement in the solution. The 
solution is then said to be independent of the size of the network of cells, referred to 
as the grid. The solution is then grid independent. All fluid dynamic modelling
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procedures that assume localised continuum properties rely on this form of grid. There 
are other modelling techniques such as spherical particle hydrodynamics and the 
lattice gas technique (Biggs and Humby, 1998) that do not assume localised continua. 
Rather they rely on the relative motion of a loose assemblage of matter elements 
under forces applied to them by their neighbours. These techniques are more suited to 
the modelling of time-dependent (transient) effects and systems where density may 
change significantly e.g., compressible fluids and fluid-solid suspensions.
Newton’s second law o f  motion (momentum conservation)
Pw a^ -u xw au = ------+ } Change in momentum =
d x
} pressure force +
_Cxw^ + J W + __zxw:L+ } shear force +
d x  d y  d z
pw agx + ' } buoyancy force +
■^ ^DPw.a x^a,w x^w,aK^ xa,w ^xw,a)
4db
} inter-phase, viscous drag force +
- F w a } additional body forces.
(23)
The left hand side of the equation shows the change in momentum (for water or air 
along the axis x where x = i,j or k) assuming no time dependent effects. The forces on 
the right hand side are due to the pressure gradient, shear, buoyancy, viscous drag and 
other source terms that may be necessary to include. The term d^ is the air bubble 
diameter. Using the assumption that both fluids behave as Newtonian fluids, we can 
represent the shear forces in terms of shear strains:
= 2 ne x,
3u_ 9u \
 — H —
dxv dxx
(24)
And now the equation above is entirely in terms of local values of pressure, velocity, 
density, viscosity and the drag coefficient Cd, which itself is a function of the local 
Reynolds number (Clift et al., 1978). Within the models presented herein, the 
following definition of Cd is used:
CD = ^ ( l  + 0.15Re0687) (25)
The equation that is obtained is known as the Navier-Stokes (N-S) equation. 
Turbulent Reynolds stresses can also be included on the right hand side of this 
equation in order to include the effect of turbulence. For more details, extracts from 
the FLUENT 4.5 Manuals are shown in Appendix II.
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Although the upper free surface of the tank is not perfectly flat, the ripples that form 
are negligible in height compared to the depth of the tank. The assumption can thus be 
made that the upper free surface of the DAF tank behaves as a flat, relatively 
frictionless wall (Soo 1967, Walton et al. 1999) with a zero flux of water and a 
positive flux of air. The term relatively frictionless is used because the upper surface 
would contain the accumulated sludge layer that would not be expected to be perfectly 
frictionless. If a fixed wall is used to approximate the free surface, there may be a 
discrepancy between the simulated and experimental velocity values near to this 
surface (Ta 1999), particularly where there is a strong upward flow, e.g. near the 
contact zone baffle.
One further point regarding the upper surface is that it also acts as an exit along with 
the main water exit beyond the flotation zone. The surface must act as an outlet for the 
air phase and as a wall for water phase. This has been a difficulty for setting a 
boundary condition for the CFD model and will be discussed further in Progress 
Report #8 .
The bubbles that form at the nozzle do so very quickly compared with the-' time taken 
for fluid to flow past the nozzle (Takahashi et al., 1985). Thus it is often assumed that 
the bubbles are present in their fully-grown state at the point of release into the- tank. 
However there is some evidence that the rate of bubble formation may not be as high 
as traditionally thought (Steinbach and Haarhoff, 1997), and therefore it may be 
beneficial to build into the model a mechanism for retaining a certain proportion of 
the dissolved air in solution. Air bubbles have a strong negative zeta potential 
(-150mV: Tambo et al. 1985, Han and Kim 2000), even in very clean waters where 
organic surfactants are negligible. Combined with the relatively small bubble size, one 
can assume that bubble coalescence is negligible. The air bubbles are sufficiently 
small that they may be modelled as a dense, fine dispersion of solid spheres (Clift et 
al. 1978, Kitchener and Gochin 1981). Although the maximum volume fraction o f air 
in the DAF process is of the order of 10%, the concentration of air bubbles is o f the 
order of lx l 05 bubbles per ml. This is often referred to as “white water” due to the 
way that light is diffused by the bubble swarm.
In this situation, it is often assumed that the dispersion can be treated as a continuous 
secondary phase, interpenetrating with the primary phase (water in this case). Thus 
the properties of the bubble phase are homogenised over each individual control 
volume. This technique is referred to as an Eulerian two-fluid method. One alternative 
to using this method is the dispersed Lagrangian approach, where the motion of 
bubbles is modelled separately. The Lagrangian model is more appropriate when the 
time period of the motion of bubbles is shorter than the characteristic time period of 
the main flow. In DAF, fine air bubbles are seen to ‘follow the flow’, and their 
characteristic time period is thus comparable with that of the main flow.
Under the typical process loads of a DAF tank, a certain degree of turbulence is to be 
expected, particularly within zones where there is a change in flow direction, near to 
the nozzles and in the flotation zone near the top o f the contact zone weir. Larger 
eddies contain more energy, tend to be indicative of higher Reynolds-number flows 
and tend to be more anisotropic. However as the Reynolds number of the flow 
increases, the proportion of eddies that are smaller and more isotropic increases 
(Frisch and Orszag, 1990). Thus the gap in terms of wave number (inverse of length 
scale) between the energy containing eddies and dissipative eddies increases, making
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the assumption of homogeneous, isotropic turbulence more valid. Under the low-Re 
conditions in DAF, it would be expected that the assumption of isotropic turbulence 
might be less valid. In these cases the use of the k-s model may introduce errors, and 
the Reynolds stress model may be more suitable. However a number of authors have 
found the model to give satisfactory levels of accuracy in two-phase flows (Schwarz 
and Turner 1987, Boyle and Golay 1983). This of course depends on the actual impact 
on the flow field as a whole of making the assumption of isotropic turbulence. The air 
bubbles in DAF are small and are unlikely to influence the turbulence energy 
distribution in the surrounding water, being of a diameter significantly smaller than 
the dissipative length scale (approx. 1mm for typical DAF flows - Fukushi et al., 
1998).
Summary o f  CFD model requirements and justified assumptions
I. The concentration of floes is low in drinking water applications. This allows the 
influence of the floes on the bulk hydrodynamics to be neglected. Also this allows a 
non-coupled Lagrangian particle-tracking approach to be used for the modelling of the 
floes once the results of the two-phase (air/water) model are satisfactory.
II. A grid-based, finite volume method will be sufficiently accurate for the purposes of 
this project. This assumes that the model is grid-independent and that the flow domain 
has a volume that is independent of time.
III. The upper free surface is flat, allowing the use of an Eulerian model rather than a 
VOF model. The Eulerian modelling approach is more applicable to the bubble size 
and concentrations that are used.
IV. A 3D model must be used in order to capture flow features across the tank width and 
to allow discrete rather than continuous location of the air-saturated water nozzles.
V. Bubbles are small enough to be modelled as spheres with no internal circulation of air. 
This has an impact on the choice of drag coefficient to use.
VI. Turbulence should be modelled using an appropriate transport model. Comparisons 
will be carried out between simulations using isotropic and non-isotropic turbulence 
assumptions. The effect of the air bubbles’ on the turbulence within the fluid may be 
neglected on account of their small size. The effect of turbulence on the air bubbles 
should be to enhance diffusive transport.
Suggested modelling approach
On the basis of the above discussion and summarised assumptions, the proposed 
model is as below. It is believed that this model will be novel in its approach and will 
produce results that should reflect the flow processes in DAF and can be compared 
readily with experimental results.
The basic single-phase flow solution that has already been derived can be used as an 
initial estimate of the solution. This should accelerate the convergence of the two- 
phase model (Ta et ah, 2000). The derivation of the model to this level constituted 
Phase I of the modelling work, reported in Hague et al (2000), (vol. 2, Appendix III).
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Phase I
Model type 3D finite volume Eulerian two-fluid model
Turbulence model k-e or Reynolds stress model (RSM)
Phases Water (p= 1000kgm°, 
p = 9.0xl0 ' 4 kgm 'V 1) 
Air (p = lxl0"3kgm°, 
p = 1.7x1 O' 5 kgm’V 1)
Pressure solution Coupled SIMPLE scheme
Inlets Main flow Inlet via flow smoothing 
assembly
Recycle
flow
Individual nozzles (air 
content to be determined 
experimentally)
Exits Water Exit weir only
Air Predominantly from upper 
free surface, but also from 
exit weir
Wall functions Standard wa 1 functions used throughout
P hase11
Floe phase model: Lagrangian particle tracking model. User-defined subroutines
required in order to change size, momentum source terms and 
effective density of floes as they successfully attach to bubbles.
Phase II of the modelling is an additional objective that is not required by the project. 
However if it could be met then it would enable greater justification of the model and 
provide more benefit to the sponsoring company, as well as adding another element of 
originality to the project.
M od el V alid ation
It is important to be able to justify the use of a particular modelling methodology 
along with the assumptions that it makes, as we have discussed above. The most 
important, however, is the experimental evidence, both from the point of view of 
confirming the validity of this choice and for building confidence in the model. A 
number of experimental techniques are available for determining the velocity at a 
point within a flowing fluid and of particles carried along by the fluid. A brief review 
of these techniques follows:
Validation techniques - intrusive vs. non-intrusive
Flow measurement techniques can be grossly classified as either intrusive or non- 
intrusive. This relates to whether or not a material connection has to be made between 
the fluid domain and the measuring equipment in order to establish fluid velocity, i.e. 
the sensor touches the fluid. Examples of flow measurement techniques where this is 
the case are tracer testing (either using dyes or chemical tracers), acoustic Doppler 
velocimetry (ADV) and hot-film anemometry.
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The advantage of dye-marker tracing is that flow patterns within the DAF tank can be 
visualised very easily. However the data derived from this technique cannot be 
accurately quantified, as it is not possible to relate accurately the evolution in intensity 
of dye colour to flow velocity. The technique is employed for 2 D dimensional model. 
The dye-tracing technique is useful for illustration purposes and for qualitatively 
confirming flow features that are measured by other less visual techniques.
The chemical tracer method is similar to the dye tracer method but without the visual 
aspect. The chemical tracer concentration at the outlet can be monitored by the use of 
an appropriate sensor. This allows a residence time distribution (RTD) curve to be 
plotted which can then be used to compare with modelled results of the bulk 
hydrodynamics within the tank. The system is therefore treated as a ‘black box’ and 
the RTD is the response function. The flow pattern in the tank is reflected in the 
pattern of the RTD curve. A correspondence between RTD curves of experimental 
and modelled situations does not guarantee that the flow fields are identical, but it is a 
strong indicator that they might be so (Levenspiel, 1972). Although the sensing probe 
does have to be immersed in the fluid, this may be done at a point downstream of the 
section of interest so as to avoid direct intrusion into the flow field in this area.
Acoustic Doppler Velocimetry (ADV) gives quantitative information on fluid velocity 
at a given point or points. ADV uses the principle of Doppler shift o f ultrasonic waves 
to determine the velocity of fluid at a given point. The measurement volume is of the 
order of several cm3, imposing a limit on the spatial resolution. It is necessary for the 
ADV probe to be immersed in the fluid flow field that it is measuring. There are two 
reasons for this. Firstly the transmitter and sensor need to be in contact with the fluid 
in order to propagate and receive' the acoustic waves that the technique relies upon. 
Secondly the focal length of the ADV probe is fixed by the design of the hardware, 
which means that in order to measure the velocity at a deeper point within the tank, 
the probe must be immersed deeper in order to ensure that the acoustic waves are 
being focussed at the correct point (Lemmin and Rolland, 1997). This technique has 
been used in the measurement of flow velocity within full-size DAF tanks (Adlan et 
al., 1997. Ta et al., 2000) and smaller-scale laboratory DAF tanks (Lundh et al., 
2000).
Hot-wire anemometry is a technique that has been widely used for wind-tunnel 
experiments in aerospace applications (Kirouac et ah, 1999). The technique relies on 
the loss of heat from a system of wires that is a function of the flow of fluid around 
the wires. Electrical power is supplied to compensate for the loss of heat, and the flow 
velocity is a non-linear function of the applied emf. It is extremely sensitive to sudden 
small changes in the flow, making it an excellent tool for turbulence evaluation. The 
technique is intrusive, although the sensing head is generally much smaller than that 
of the ADV (Vassalo, 1999). Hot film anemometry is a variation on the technique 
using a set of metal films rather than wires, which is more robust and suited to an 
aqueous rather than gaseous environment (Lakshminarayara, 1982). The technique 
does require calibration against known flows, which may be difficult, especially in 
multiphase flow systems.
Non-intrusive techniques are those where is no physical contact with the flow field. 
Three techniques are discussed: laser Doppler velocimetry (LDV), particle imaging
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velocimetry (PIV) and light absorption turbidimetry. LDV relies on the measurable 
frequency-shift of laser light from diffraction fringes as particles within the fluid pass 
through them (Durst et al., 1976). Two beams of coherent light are brought to a focus, 
at an angle of 2cp to each other, within the flowing fluid. This forms a series of 
diffraction fringes that have a precise and regular spacing (typically of several pm ’s). 
These diffraction fringes are formed within a sample volume of the order of 1mm3. As 
particles pass through the sample volume they reflect light to a detector. The reflected 
light signal is frequency-shifted in such a way as is characteristic o f the transit 
velocity of the reflecting particles. Best results are obtained by ‘seeding’ the flow with 
specialised seeding particles that have small diameter and high reflectance e.g. 
aluminised glass micro-spheres of diameter 5-10pm. However reasonably small (1 0 - 
70pm) air bubbles, as are present in the DAF process, have also been successfully 
used as seeding particles (Ohba et al., 1986). The relationship between transit velocity 
and frequency shift is a simple linear one, given by the equation:
f  = ^ sin<p (26)
7,
In this equation f  is the frequency shift of the laser light, 9  is the half intersection 
angle of the two laser beams, X is the wavelength of the laser light and u is the 
measured vector component of particle velocity. It is only the component of velocity 
that is normal to the diffraction fringes and the plane of the incoming beams that is 
given for any one experimental arrangement. In order to obtain two or three 
dimensions of flow velocity, multiple beam pairs must be used, each with its own 
detection and analysis hardware. The temporal resolution of this technique is high as 
is its spatial resolution, allowing the measurement of turbulence effects.
Particle imaging velocimetry (PIV) allows instantaneous whole-fleld velocity data. 
This is the main difference between PIV and point-measurement tools, such as LDV. 
As in the case of LDV, the PIV technique relies on a laser optic probe. However in 
PIV, the beam is pulsed through a cylindrical lens in order to produce a sheet of laser 
light within the sample volume. The measured response is that of particles traversing 
the light sheet. In doing so they give rise to a scattering of the light, which produces 
an image of the particle at right angles to the sheet. This image is recorded by a high­
speed, digital video camera. The time between frames must be accurately known, as it 
is the movement of the particles within that time interval which gives the 
instantaneous velocity at those points within the flow field. An appropriate seeding 
material for water would be powdered polyethylene or hollow, reflective, polymeric 
spheres (diameter 50-100pm), although micro-bubbles should again work well.
Light absorption turbidimetry uses the principle of light scattering by particles to 
provide a measure of the air bubble concentration across a section of the tank. 
Although the method can only provide average values across the tank, it still has the 
advantage that it is non-intrusive and has a high temporal resolution. The apparatus is 
basic, comprising a diffuse light source at one side of the tank and a digital camera at 
the other. The camera records the average light intensity, and this light intensity is a 
non-linear function of the concentration of light-scattering particles: in our case air 
bubbles. Turbidimetry is a standard technique for determining drinking water quality. 
However this variation on the technique has proven to yield useful data on the 
distribution of air bubble concentration throughout a DAF tank (Leppinen et al., 
2000). The technique does assume that air bubbles do not vary considerably in size or
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distribution either at the point of production or during their transport through the DAF 
tank. This assumption is borne out by the experimental work of others using well- 
designed, packed saturating columns and typical air-release nozzle devices (Rykaart 
and Haarhoff, 1995). Coalescence only occurs to any great degree when very large 
bubbles are involved (>200pm). Li (1994) describes the coalescence behaviour 
between two very large bubbles. However the frequency of release of very large 
bubbles is very low for the DAF process. The ‘collection’ of small bubbles by the 
very large bubbles only occurs if the small bubbles are trapped in the wake of the 
larger bubble. The corresponding collision efficiency is very low (Mao and Core 
1993, Leppinen 1999).
The alternative to measuring bubble concentrations in this way is to directly sample 
the water at certain points throughout the tank and determine the air content. Although 
this technique does not have the temporal resolution or the non-intrusive quality of the 
light absorption method, it remains much more simple and straightforward and has 
been used successfully by Lundh (2000) and the author during preliminary trials. 
Table 3 below describes the various advantages and disadvantages of the flow 
measurement techniques discussed and how these fit to the requirements of this study.
Experimental methodology - use of small-scale model
For accurate flow measurement within a laboratory-scale model, Table 3 shows that it 
is desirable to use a combination of LDV, PIV and light absorption turbidimetry. This 
would allow us to acquire the necessary data for CFD model validation in the 
laboratory-scale model. Obviously it is the eventual aim that a successful CFD model 
at the laboratory-scale be adapted to the case of full-scale tanks.
However in order to achieve similarity between experimental model and full size 
installation, both the geometry and the dominant forces must be taken into account. 
There are numerous forces at work in the DAF process however, and it would be 
unfeasible to attempt to achieve perfect scaling of the DAF process by experimental 
design alone (Hague et al.,1999). However the objective of using a small-scale model 
DAF tank is not to achieve scaling of the process. Rather it is that the laboratory 
model is qualitatively comparable to the full-scale process, while allowing the 
experimental freedom to carry out rigorous verification of CFD models. The CFD 
model itself will then be scaled-up in order that it is applicable to the full-scale 
process.
The main operational parameters of DAF are the main flow rate, recycle ratio, air 
content of recycle and the tank geometry. The small-scale tank that is being used has 
flexibility in these operational parameters that is comparable with the full-scale 
process (Haarhoff and van Vuuren 1995). This will allow the applicability of the CFD 
model to be compared against experimental data over a broad range of test conditions. 
The five variables that can be altered are:
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Key to Table
Flow measurement
A: Dye trace B: Chemical trace C: ADV D. Hot-film anemometry E: LDV 
F. PIV
Bubble concentration measurement
G: Light absorption H: Direct sampling I: Model validation needed (small-scale tank)
A B C D E F G H I
quick/simple V X X X X X ?
Qualitative V V V V V S V
Quantitative X X V V V V V
Velocity
measure­
ment
ID V X V v' N/A N/A s
2D V X V V N/A N/A V
3D X X V V V X N/A N/A ?
Residence time (RTD) N/A V N/A N/A N/A N/A N/A N/A ?
Non-intrusive v /x V/X X X V V V X V
OK for opaque tank X V V V X X X V X
Resolution
Spatial low N/A mid high high high N/A N/A high
Velocity N/A ■ N/A mid high high high N/A N/A high
Time mid low mid high high low N/A N/A low*
high**
Bubble
conc.
N/A N/A N/A N/A N/A N/A High mid mid
For the case of determining steady-state averaged values
For the case of determining turbulent and time-dependent values
Table 3 - Comparison o f  the various flow measurement and bubble 
concentration measurement techniques and appraisal of how they fit the 
requirements of this project
• Pressure of air-saturated water: 4 - 7  bar Experiments to date have used 5 bar 
pressure.
• Recycle ratio: 0 - 20% The distribution of air across the contact tank may also be 
varied as three nozzles are available. It may be worthwhile to determine, once the 
CFD model is working satisfactorily, how the predictions change when one nozzle 
is supplying more than its neighbours). A value of 10% was used in trials to date.
• Main flow: 0 - 4 0  1pm This corresponds to a surface loading rate of up to 11m hr'
l. Many existing units operate at 10 m hr' 1 or less. This compares with a typical 
value for sedimentation clarifiers of 5 m hr'1. Some cuboid, full-scale units operate 
at 10-15 m hr'1, and a few claim even higher. In order to go higher with our 
model, we would have to re-work the plumbing or fit a stronger submersible 
pump. Either option is feasible and reasonably quick to perform if it is deemed 
necessary or desirable.
• Depth of tank: 0.26m to 0.4m This corresponds to a length/depth ratio of 1.92 to 
1.25. The length/depth ratio is an often-quoted design variable and it would be an 
interesting variable to study the effect of. These values are fairly representative of 
existing plants: 3 out of 5 plants operated by North West Water fall into this 
category (O’Neill et al., 1997) and a smaller yet significant proportion of those
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operated by Yorkshire Water (Fawcett, 1997) and Thames Water (Ta and Brignal, 
1996) fall into this category. Longhurst (1982) also confirms that this range of 
values is reasonable. If need be, then the length/depth ratio can be increased by 
reducing the height of the contact zone weir and keeping the length constant, 
although this were best avoided if not strictly necessary. The value used thus far 
has been 0.275m, corresponding to a length/depth ratio of 1.81).
• Height of water over weir: 0.01m to 0.15m This determines the streaming 
velocity over the weir and should also have some influence on the degree of 
turbulence in this area. The value used in work so far has been 0.025m.
Experimental work so far has concentrated on understanding the flow within the 
flotation zone of the DAF tank. The rationale behind this decision was as follows. An 
important aspect of flow within the DAF tank is that which brings the floc-bubble 
agglomerates to the surface. While the large part of floc-bubble attachment occurs 
within the contact zone, it is within the flotation zone that the final rise towards the 
froth layer takes place. The bubble distribution within this zone has been found to be 
an important' factor in this flow behaviour. If a model could be designed which 
correctly predicts flow behaviour and bubble distribution within this zone that would 
be an achievement, as it would show that the algorithms governing the release of air 
from the flow system were in line with experimental data. This in itself should satisfy 
the requirements of the project objective. Ideally a scale-up within the CFD model 
would be carried out in order to provide a model for testing on the full-scale. Such 
testing would have to be carried out using such techniques as chemical tracer testing 
and perhaps ADV testing, and a decision as to whether to pursue this line of 
investigation or not should be made at the point of completion of Phase I as below.
P h a se  I d eta iled  w o rk  p lan
1. Develop convergent two-phase CFD model based on the specification above 
(duration 2 months, work = 1 month). A certain period of time will need to be built in 
to set up and commission CFD software on the higher performance parallel computer 
at Surrey University and 4 weeks should be allowed for this.
2. Commission two-phase flow rig at Surrey University including air content 
measurement apparatus and air volume measurement equipment ( 2  weeks work).
3. Using a fixed lower flow rate (5m hr'1) and a height over the contact zone of
0.025m and analysing the flow within the flotation zone by LDV measurement, 
introduce recycle flow with no air present (water only) at 0%, 10% and 20%. This 
should tell us the influence of the additional flow on the flow within the flotation 
zone. Using 10% and 20% recycle, the recycle flow is then to be replaced with air- 
saturated water at a pressure of 5 bar (even distribution of air-saturated water to all 
three nozzles). The effect of addition of bubbles on velocity field to be evaluated and 
bubble distribution to be evaluated by means of direct sampling and light absorption 
cross-match testing. (Total working time, 4-6 weeks). At this stage comparison should 
be made with the CFD model and an assessment o f its performance should be made. I 
propose to build in 2-3 weeks of model development time at this stage. Also at this 
stage, the time-dependency of flow in all the analysed areas should be assessed and a 
decision should be made as to whether or not a longer-term series of experiments 
should be carried out in order to isolate time-dependent effects at certain critical parts 
of the tank (these would be included in part 5 below).
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4. Repeat 3 using the higher recycle (20%) and the higher flow, rate of 10 m hr'1. 
Then increase the depth at this flow rate such that the flow area over the contact zone 
weir is exactly twice the initial level i.e., adjusted height = 0.050m, tank depth =
0 .3 0 .. Then repeat again with the depth remaining the same but the contact zone weir 
increased in height so as to leave the flow area the same as in the original test 
(0.025m). This series of experiments should test the hypothesis that it is only the flow 
rate over the contact zone weir that is important in determining the flow field and 
bubble distribution in the flotation zone. This section of the work is also likely to take 
4-6 weeks and a further 2-3 weeks should be built in to allow for data analysis. This 
would be an appropriate time to release a paper detailing the results that have been 
obtained, combined perhaps with the preliminary PIV work on the contact zone flow. 
Another 4-6 week period is allowed for this.
5. If there are additional effects due to main flow rate or changing length/depth ratio, 
these may be studied by follow-up experiments where these variables are varied 
individually. Allow up to 12 weeks for these experiments as the range of experiments 
and modelling exercises are unknown at this stage.
However it would be preferable to be in a position to carry out similar validation 
exercises on the contact zone. If this zone could be modelled in a way that was shown 
by experiment to be valid (Phase II model as described above), including turbulence 
effects which are poorly understood for the DAF system, then this would not only 
broaden the perspective of the model, but would also open the way for the Phase III 
floe removal modelling exercise. The latter would introduce a floe phase in the form 
of a Lagrangian particle tracking extension to the existing model. Validation 
experiments in this case would be in the form of particle removal efficiency 
measurements. The detailed proposal for the Phase III work plan is as below:
Phase II detailed work plan
1. Using a combination of LDV and PIV (if the equipment can be made available), 
the average flow field and time-dependent flow field should be analysed in the contact 
zone using flow conditions as in Phase I (3) above. The objective is to assess the 
localised turbulent energy conditions and general flow behaviour within this zone. It 
is proposed that special emphasis is given to zones close to the nozzles. If the high 
bubble density poses problems of excessive laser attenuation in certain parts of the 
tank, then neutrally buoyant micro-spheres injected into the flow will be used to 
imitate the effect of micro-bubbles. 4 weeks should be allowed for this part of the 
study.
2. It is suggested that a preliminary Lagrangian particle tracking exercise is carried 
out in order to establish the predominant flow paths o f floc-like particles. Again 4 
weeks will be necessaiy for this exercise. Greater emphasis can then be placed on 
establishing the actual flow patterns within these areas and how these flow conditions 
might affect floc-bubble attachment. Experiments are likely to take around 8  weeks, 
including time for data analysis.
3. Comparison with the CFD model and Lagrangian particle tracking floe removal 
simulations can then be carried out, which is likely to take another 8-12 weeks. It is 
unlikely that any further work will be possible beyond this time, and sufficient data 
should by now be available to validate the CFD model.
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Environmental benefit work plan
In parallel with the model and validation developments, data gathering will need to be 
carried out for the environmental performance exercise. The plan here is to gather 
plant performance data from as many places that use DAF as possible in order to 
begin to understand the critical energy/materials flows within the process, as 
discussed above. The data that will be acquired will comprise the following:
• Flow capacity (Mid)
• Qualitative analysis of sludge layer (to determine bound water content, algae 
content, chemical composition of inorganic matter etc. Scheme to be devised)
• Solids content of process sludge stream.
• Volumes of sludge from the filter process and disposal route
• Energy usage of process (both actual and expressed as a percentage of the total)
• Chemical usage (type and quantity)
• Volume of recycled water
The primary objective from analysis of this data are to highlight the critical 
environmental parameters of the process and to assess how these might best be 
improved by means of mathematical modelling. If time allows then a full LCA 
analysis comparing DAF with alternative forms of water clarification including 
sedimentation and membrane filtration might be carried out. This will depend on the 
availability of data regarding all three processes, and a decision should be made on 
whether to pursue this line of investigation by the middle of Year 3.
Supplemental — Further details of work plan
Overview of the flow processes in dissolved air flotation (DAF)
The DAF process involves mixing an influent fluid stream (main flow) with an air- 
saturated fluid stream (recycle flow) in a contact (or reaction) zone. The fluid flow 
should then lead bubble-floc agglomerates to rise to the surface, for skimming off as 
sludge. By far and away the simplest design of DAF tank remains the rectangular- 
cross-section co-current DAF tank as shown in the main document. Well-designed 
tanks of this format have been shown to perform satisfactorily. However there are a 
large number of process and design variables which define such a DAF tank and its 
performance (Table 4) and there is only limited understanding of the effects 
associated with these.
The relative zeta potential of bubbles and particles is also a crucial factor in 
determining the likelihood of their contact and hence flotation efficiency. This is 
however outside the scope of this study. This work aims to increase understanding of 
the flow processes involving the water and air bubble phases of DAF only. There are 
two key areas where DAF design and operating variables have been shown to have an 
important influence on DAF performance, but where rigorous mathematical 
modelling and experimental analysis are lacking. These are:
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Variable Description Common units Experimentally 
available range
Qm Main flow rate n fs ’1, Mid or 1pm 0-30 1pm
Qr Recycle flow rate m V 1, Mid or 1pm 0-3 1pm
w Tank width or effective flow channel m 0.30 max. (can be 
reduced by using 
side baffles)
d j Tank depth m 0.25-0.40
he Depth of water over contact zone 
weir
m 0.005-0.1
din Depth of water below the inlet weir 
to the contact zone
m 0.045 (fixed)
dw Distance between recycle nozzle 
centre and tank wall
m 0.15 max. (can be 
reduced by using 
side baffles)
An Aperture area of recycle nozzle m2 7.5x10"
(corresponding to 
diameter of 
1 0 mm)
P Pressure of the recycle flow in the 
air-saturating column
Pa, bar or psi 4 - 5  bar
V P Volume fraction of air in the recycle 
flow
Dimensionless 6 - 1 0 %
Vf Volume fraction of air at a given 
point downstream of the nozzle
Dimensionless 0 - V P  (depends 
on dilution and 
flow history)
Lc Length of contact zone m 0.09 (fixed)
Lf Length of flotation zone m 0.5 (fixed)
db Diameter of bubble (mean diameter 
is most often quoted as the size 
distribution is generally small)
pm 30-100
Table 4: Process design and operation variables for DAF
• the effect of varying flow inlet conditions to the flotation zone (over the contact 
zone weir) and .the corresponding influence on flow field and bubble blanket form.
• the effect of operational variables on the interaction between main flow and 
recycle flow in the lower portion of the contact zone.
Due to time constraints only the former will be investigated during this project. The 
investigation will take the form of computational modelling of the process along with 
flow measurement in order to validate the model.
CFD modelling of the DAF process
The computational model that is being developed is described in the main dissertation 
document. The decision has been made for the reasons stated previously to develop a
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steady-state model based on.the finite volume computational fluid dynamics (CFD) 
technique. The commercial code FLUENT v4.5 has been used up until now, and is the 
preferred system unless it transpires that there are intractable problems in this 
particular application. In such an instance there is the option of developing a model 
using CFX v4.3.
There are a limited but non-trivial number of ways in which the problem can be 
addressed. The interface between water and air at the surface may be treated as a 
perfectly flat slip wall or velocity outlet. Alternatively a certain headspace may be 
built in over the flow domain to act as a ‘sink’ for the air that escapes through the 
water/air interface. The modelling of the bounding wall surfaces may be carried out in 
a number of ways, the only common theme being that both the normal and tangential 
velocities at the wall surface itself must reduce to zero. The modelling of turbulence 
will use the Reynolds averaged Navier-Stokes equations by virtue of the CFD solution 
being.a steady-state one. However there may be an advantage in using the more 
rigorous Reynolds stress model (RSM) compared with the isotropic k-e model. This 
will be determined by comparison of the modelling results and the experimental data. 
There is the option to introduce user-defmed functions and source terms to the model 
should this be required, and training in the use and development of these user-defined 
subroutines has been obtained for FLUENT v4.5.
Time has been allowed for the modelling aspects of the process in with the flotation 
zone modelling experimental study below. The modelling process has a formal 
structure but will be an on-going process. This is due to the fact that the requirements 
of the model will be refined and shaped by the experimental results that are obtained.
Flotation zone experiments
The mixed flow arrives at the top of the contact zone weir and then flows over it and 
along the upper surface of the flotation zone before being forced downwards by the 
exit weir. This streaming surface flow is characteristic of rectangular co-current DAF 
tanks. It induces a gross re-circulation within the flotation zone by. means of a 
shearing action. A large proportion of the air bubbles (some with attached floes) 
directly reach the upper surface where they join together to form a stable froth. The 
terminal rise velocity of bubbles in DAF (relative to the surrounding water) is often 
defined in DAF publications by the Stokes Law expression.
u , . « :  (27)
18p
This is applicable in low Reynolds number flow conditions (Re<l) such as are 
experienced in the flotation zone. A certain proportion of the bubbles and floes do not 
reach the upper surface froth. A flux of bubble-laden water away from the upper 
surface results, which forms a bubble blanket below the froth layer. This bubble 
blanket acts as a filter both for floes that remain unattached to bubbles and those that 
have become separated from the surface sludge layer. The flotation zone and its 
bubble blanket is illustrated in Figure 14 below:
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Figure 14: Schematic of the flotation zone including bubble blanket
The formation of the bubble blanket occurs by means of two phenomena:
• The air bubbles that do not reach the froth layer follow the main streaming flow 
along towards the exit of the flotation zone. They are dragged back however by a 
combination of the re-circulation currents and the innate buoyancy of the bubbles.
• The air bubbles are transported downwards towards the more quiescent central 
part of the flotation zone before they get a chance to join the upper froth layer. 
This is perhaps due to turbulent diffusion in a downward direction as the flow 
passes over the contact zone weir. Differential density effects may also play a role 
if there is an accumulation of bubbles beneath the surface of the flotation zone.
Once the bubble blanket has been established, its dimensions tend to remain stable 
suggesting an equal loss of air bubbles to the upper surface as new air bubbles 
arriving over the contact zone weir. The question to be answered is, how is the form 
and extent of the bubble blanket and the corresponding flow regime within the 
flotation zone influenced by a number of key operational parameters.
Dimensionless parameters defining the process
Three dimensionless tank parameters appear likely to influence the form and extent of 
the bubble blanket in the flotation zone. These are discussed below.
• The volume fraction, Vf, of air within the influent stream entering the flotation 
zone. If  there was.no loss of air from the surface above the contact zone or 
accumulation of air within the contact zone, then this would be given by:
v / qVf = — -— — ‘ However this is likely to be reduced by the losses
Q, +Qm
described above. However the losses are likely to be comparable from experiment 
to experiment within this body of work. Thus we can introduce a constant, C, to 
the expression to account for these losses.
total flow rate may be kept constant while varying the relative values of Qr and Qm 
in order to change this parameter independently o f the others. The value of Vf* is 
determined by the pressure applied within the saturating column, and this has been
CV Q
Vf = -------— — The value of C will be determined experimentally. The
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measured accurately using a separate experimental apparatus over a range of 
pressures and flow rates.
The velocity ratio, U*: the ratio of the surface streaming velocity, Ust, at the 
flotation zone entry to the average bubble rise velocity, Ut. Ust can be defined in
terms of the flow rate entering the flotation zone: U„. = —- +
Qra+ C Q r
St h cW
hence U =■
h cWUt
The value of U* can be changed independently by altering the value of he- 
• Tank length / depth ratio, L/D. The length and exit weir dimensions of the 
experimental DAF tank are fixed. However the velocity ratio can be changed 
independently of L/D by using weir extensions for the contact zone weir.
Experimental work
A fixed pressure of 4.5 bar is to be used at the saturating column. The exit weir will 
be set to give- a tank depth of 0.35m with no contact zone weir extensions (he = 0.1m). 
Experiments will be carried out under the following conditions of flow rate:
Experiment no. Qm (1pm) Qr (1pm)
Qi 2 1 . 0 0
Q2 20.9 0 .1
Q3 20.5 0.5
Q4 2 0 . 0 1 .0
Q5 19.5 1.5
The total volume flow rate is thus kept fixed. The inlet flow profile will be mapped 
using laser Doppler anemometry (LDA) and the bubble concentration will be assessed 
using particle-imaging velocimetry (PIV). 2D (x,y) mapping over several planes 
through the width of the tank will be carried out in order to fully characterise the flow 
pattern within the flotation zone in and around the bubble blanket.
If it is possible to measure the bubble concentration profile through the bubble blanket 
using non-intrusive imaging techniques such as light absorption turbidimetry or PIV, 
then this will be the preferred route. The Engineering and Physical Sciences Research 
Council (EPSRC) have approved an application for hire of suitable equipment. 
Intrusive methods based on light absorption turbidimetry may be found to provide 
acceptable data, in which case this method may be used to corroborate the 
experimental data. The results of these experiments will provide a means of 
comparison with the CFD model. Also they will allow conclusions to be drawn 
regarding the direct influence of air volume flow rate on the flow pattern and bubble 
blanket within the flotation zone. Of particular interest is data on the rate of air bubble 
loss at the free surface of the tank as a function of position. This would be important 
in validating the CFD model and assessing the rate o f sludge formation that would be 
expected across the tank surface.
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Using weir extensions of heights 0.05m, 0.075m, and 0.0875 m on top of the contact 
zone weir, he can be varied from the original value of 0.1m to 0.05m, 0.025m and 
0.0125m respectively. This would bring the total number of experiments to 14.
Also similar experiments can be carried out using different values o f tank depth to 
evaluate the effect of L/D ratio. These experiments will be carried out if there is 
sufficient time and resources and if the results of. the work above tend to suggest a 
likely dependence on L/D ratio.
Timescale
For each experiment velocity spectra will be acquired at 1200 individual points within 
the tank (10 length x 15 depth x 4 width x 2 components). A 2D LDA apparatus 
should be available for use for a 3-month period (again hired from EPSRC), which 
will reduce the time required for experiments. Otherwise a ID LDA based at the 
University of Surrey will be used. On the basis of current experience using the ID 
LDA, each experiment would take around 8  days of experimental time to complete, 
with analysis time adding on another day per experiment. Thus the total experimental 
and analysis time will be 25 working weeks.
It is necessary to allow time for setting up and packing down equipment (especially if 
the equipment is hired). Also it is essential to allow time to carry out further 
experiments within the framework of three parameters that have been identified. 
Comparison with the CFD model and consequent refinements of the model will also 
take several months.
Preliminary investigative and modelling work in this area has already been undertaken 
and a preliminary acceptance has been obtained for an oral presentation paper at the 
International Conference on Multiphase Flow in May 2001. A proportion of papers 
from this conference are selected to be published in the International Journal of 
Multiphase Flow.- It is envisaged that this study will form the principal part of the 
project and the time allocated to it is 12 months in total. If  there is sufficient time, as 
the project unfolds, to also investigate mixing in the contact zone then this could be 
addressed.
Environmental impact assessment
The opportunity has arisen to become involved in a pilot plant appraisal of three 
alternative clarification treatment options, one of which is DAF. The appraisal of the 
three systems is to be carried out by Thames Water in spring 2001. The work would 
involve analysis of the relative environmental impacts of the three treatment options 
in the categories of energy consumption, chemicals used, water lost to sludge (during 
backwashing and sludge-skimming), sludge produced and footprint (land usage). 
However it would be unjustified to assume that the results of such an analysis could 
be applied directly to a full-scale installation. Therefore a critical appraisal of scale-up 
issues would also be required. A brief description of the exact auditing methods to be 
employed in this part of the work is given below:
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Energy consumption Power meters would be used to obtain typical power 
consumption data from the most energy-intensive parts of each 
process (that together account for over 90% of the expected 
energy consumption).
Chemicals used The type of chemicals used would be identified along with the 
consumption (measured by volume change in supply hoppers 
as a function of time).
Water lost to sludge This can be calculated easily by comparison of the total flow 
through the processes (monitored by in-line flow meters) and 
the quantities of sludge produced (measured on a volume 
basis).
Sludge produced The chemical composition, proportion of dry solids and 
quantities of sludge produced can be evaluated by random 
sampling over a number of filter runs.
Footprint This is simply the area occupied per Mid of treated water.
Timescale
The auditing work itself is likely to take 2-3 weeks with analysis and presentation of 
the data occupying a similar timeframe. To be on the safe side, a period of two 
months is set aside for this section of the work. The work is scheduled to take place 
between February and April next year.
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PROGRESS REPORT #5
The conference paper that was prepared and presented at the International DAF 
Conference (September 11th to 13th 2000, Helsinki, Finland) has been accepted for 
publication in the International Water Association (IWA) journal “Water Science and 
Technology”. A copy of the paper is included in Vol.2, Appendix III. In this paper the 
issue of modelled vs. measured data for the case of single-phase flow was addressed.
The development of the two-phase model using the FLUENT software ran into some 
difficulties as it was found that the boundary conditions that are built in to the various 
multiphase modelling schemes of FLUENT are not entirely representative of the flow 
situation in DAF. As a result problems were encountered, the main ones being:
• Air not leaving the upper surface of the DAF tank
• Frictional effects being observed at the water/atmosphere interface
• Air leaving the tank too rapidly.
A number of methods were investigated to overcome these problems - involving the 
use of geometric constructs, artificial air ‘sinks’ and user-defined momentum source 
terms. However the most successful method to date has been to include a simple 
additional grid section above the actual water level of the modelled DAF tank and to 
use this in a ‘combined’ boundary condition. Details are included in the attached 
conference paper. Although strictly non-physical in nature, this allows the airflow 
from the tank to develop free from high concentration gradients, which tend to lead to 
divergence of the solution. Also it leaves the actual air/water interface far enough 
away from non-slip boundaries for the induced frictional forces of these not to be a 
problem. This leads to a slowly converging solution, but the end result is an air/water 
flow pattern that shows a high degree of match to the air/water flow measurements 
carried out thus far using LDV and particle imaging velocimetry (PIV) analyses that 
were carried out last July at Brighton University. A conference paper has been 
submitted which reviews and summarises these promising results, and this has been 
accepted for oral presentation at the IVth International Conference of Multiphase 
Flow, due to take place in May this year in New Orleans, USA. A copy of the paper 
can be found in Vol.2, Appendix IV.
The experimental approach that was outlined in the 24-month dissertation is proving 
successful and data is being currently acquired using the University of Surrey’s ID 
LDA system. Up to the time of writing, the emphasis has been on carrying out the 
single-phase measurements under different conditions of flow rate and contact-zone 
weir height. This provides the bedrock data for comparison with the two-phase flow 
data, a process that will be started upon in May. To assist with the gathering of data, 
two more high performance laser flow measurement machines are kindly being loaned 
from the EPSRC. The period of use is six months; beginning in late May. This should 
provide invaluable data in the measurement of the two-phase flow.
The apparatus for accurately measuring the volume fraction o f air was built and 
commissioned. The results of this work were fed back into the DAF model that was 
reported on in the conference paper discussed above. Data were also obtained over a 
range of operating pressures and flow rates in order that when future work under
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given conditions of pressure and nozzle flow rate is carried out, the exact proportion 
of the nozzle flow that is air (volume fraction) will be known. A short report on the 
development and commissioning of this equipment is included here.
Training
In addition to the mandatory EngD courses in Environmental Technology, I have also 
received training in the following areas.
Water Treatment
As my mandatory elective module, I chose to follow an MSc module entitled ‘Water 
Treatment’ at the University of Surrey’s Civil and Environmental Health Engineering 
(CEHE) department. I felt that it would be useful both for the environmental aspects 
of the EngD project and for my general development. I found the course challenging 
and useful, especially in aspects of water treatment plant design principles. I am 
currently awaiting my final mark for the coursework section of the module, having 
gained a distinction in the sat exam.
Project Plan
The main focus of activity over the coming months will be to complete the flow data 
acquisition using the DAF model tank and the various laser flow meters that are 
available. In parallel with this, computer models based on the Eulerian-Eulerian 
scheme (FLUENT v4.5) and the Inter-Phase Slip Algorithm (FLUENT v5.1) will be 
produced. These will make use of the ‘headspace’ construct and combined boundary 
condition that met with recent success, and will incorporate the differences in flow 
rate and contact zone weir height that are the subject of our experimental work. After 
discussions with electronics experts at the University o f Surrey, a conceptual device 
for the local measurement of air volume fraction has been defined. This device will 
operate on the principle of light scattering along the same lines as a turbidimeter, and 
should give us data on the distribution of air bubbles throughout the tank. This would 
allow us to compare our modelled data of air distribution with real data, in addition to 
the comparison of flow vectors. Enquiries have also been made into the possibility of 
acquiring a pedestal differentiator device for the LDA, which would allow the 
Doppler burst signals arising from water-borne seeding particles and air bubbles to be 
differentiated from each other (on the basis of particle size, being 5 pm and 50 pm 
respectively). This would further improve the capabilities for verification of the 
modelled data.
There may be an opportunity for ‘environmental audit’ style data gathering at 
operational sites, including Farmoor (as discussed in previous 6 month reports) and 
Walton-on-Thames (COCO-DAFF plant). Also a pilot plant is currently being 
commissioned comparing DAF with other means of primary clarification - another 
potential opportunity for < investigating the environmental benefits of DAF 
optimisation.
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Air content measurement in recycle flow of dissolved air flotation 
(DAF)
Introduction and description of problem
The air-saturating column that is typically used with a dissolved air flotation (DAF) 
tank runs with a given pressure at its outlet. This is a function of. the air pressure 
applied to it and the hydrostatic head of air-saturated water (also known as ‘recycle’) 
within it. It is generally the case that the volume of air-saturated water that is 
delivered to the dispersion nozzles is a direct function of this pressure. Headloss 
within the pipework between the air saturating column and the dispersion nozzles is 
kept to a minimum in order to avoid the formation of over-sized (>150pm) air bubbles 
and also limits the volumetric flow rate of air-saturated water.
Another important factor however is the degree of air-saturation of the water within 
the saturating column. Although the effective pressure within the saturating vessel 
may be known, it is false to assume that the air content of the recycle flow will be that 
given by Henry’s law calculation. This is a theoretical value only, and as such is an 
upper limiting value on the actual air content of the recycle flow. The air content of 
the recycle flow is an important parameter as this determines the total volume of air in 
the form of bubbles that can be produced. It must be remembered that it is not the 
only important parameter however. An appropriate nozzle design is also important in 
order to ensure that air bubbles of the desired size distribution are formed.
Henry’s law calculation
Henry’s law states that for a given dilute solution, the partial pressure of a gas in the 
solution is a linear function of the molar concentration of that gas. Therefore the 
equilibrium partial pressure of the gas is given by:
Pa = H axao (28)
where PA is the partial pressure of substance A, HA is the Henry’s constant for that 
substance in the fluid of interest and xAo is the molar fraction of A contained in the 
solution at dissolution equilibrium. In actual fact the true partial pressure of a 
practical system will be lower than this, as the air-saturation system will never be able 
to run at perfectly 100% efficiency. In other words the saturator never achieves 
saturation to the steady-state equilibrium level. If the saturator efficiency is r\ then this 
transforms the above equation into:
p a  = HAx AOt] (29)
PA is the actual partial pressure of substance A in the fluid.
In order to calculate the actual air content of the recycle flow (and hence the saturator 
efficiency), the volume of dispersed air within a characteristic volume of air-saturated 
water needs to be evaluated. This brings practical .difficulties as the dispersion of air 
bubbles is very fine (white water) and thus the separation of the two phases occurs 
only slowly. A sealed, batch-sampled system is required as the initial release of air
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from the sample to the atmosphere is expected to be rapid. Attempts have been made 
to carry out such measurements of air content using simple, open columns of high 
aspect ratio. The columns were continuously filled with air-saturated water, either 
from above or below, until the water was uniform in appearance. Then the supply of 
air-saturated water was closed and the final drop in the level of the water was 
recorded once all the dispersed air had released at the upper surface. While this 
technique is simple, it assumes that a characteristic sample of air-saturated water can 
be produced using an open, continuous-feed system. This assumes that the release of 
air from the upper, surface of the tank occurs at a rate that is small compared with the 
rate of supply of air in the form of air-saturated water. The air that escapes while the 
container is being filled can never be measured in such an apparatus. The very low 
values of air content that were measured using this technique seemed misleading and 
led to a more thorough investigation using a closed, batch-sampled system.
Experimental apparatus
The requirements for the experimental apparatus are that it shall take the air-saturated 
water at the outlet of the saturating column, and provide a means of assessing the 
relative proportions (in volume terms) of water and air. It is not a requirement that the 
air bubble size should be determined, although observation and visual assessment of 
this may be of benefit. The accuracy of the apparatus should be sufficient to be 
applicable to the full-scale process as well as smaller-scale laboratory models and 
pilot-scale plant. An accuracy of ± 0.1% v/v should be achievable. The air-saturated 
water will flow into the air measurement apparatus under normal flow rate conditions. 
A separating vessel was designed and is shown in Figure 15.
Operating principles and procedures
The operating principle of the apparatus is that air-saturated (recycle) water is injected 
into the vessel which has already been filled with water. The water component of the 
recycle flow is collected and its equilibrium weight is measured. Meanwhile the air 
component is collected and its volume measured in order to calculate the volume 
fraction of air. The design of the separating vessel is such that microbubbles should 
not be able to follow the flow of water out of the central vessel, but will rather be 
retained in the central section and rise up through the conical section to the upper 
surface. The operating procedure and theory is listed below:
a) The tank is first filled with water via the water inlet with the tap for the air outlet 
open and the tap for the saturated water inlet closed. The level of water in the 
apparatus will be determined by the level of the water outlet which should be adjusted 
to leave as small an air volume as possible, Vo, between the air outlet tap and the 
water level. Briefly turn on the recycle flow tap in order to expel any gross air bubbles 
from the line, allowing these to be expelled from the tank. Ensure that the recycle 
flow is consistent in quality and quantity by a visual assessment.
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Figure 15: Schematic of the air separation device used in this work
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b) Ensure that there are no trapped air bubbles. Close the water inlet tap and the air 
outlet tap. Ensure that no further water is issuing from the water outlet before drying 
the collection beaker, weighing .it and placing it below the water outlet ready for the 
experiment.
c) Turn on the recycle flow for a period of time that is sufficient to allow a large, 
measurable drop in the liquid level to be recorded in the air outlet pipe. Ensure that 
there are no trapped air bubbles. Allow the last of the water to be expelled from the 
water outlet and weigh the water. The water may be re-weighed later to ensure that 
degassing to equilibrium room conditions has occurred, but evaporation may also 
need to be taken into account by means of background evaporative loss testing.
d) As the air cannot escape, it accumulates within the air outlet pipe. This forces the 
level of the water down within the air outlet pipe as shown in Figure 16 below.
The pressure within the air outlet section is raised by AP given by the head of water
Also however the final pressure PI is linked to the initial pressure Po by the Boyle’s 
law equation:
Pressure = P( 
Area = A
Initial air volume = V,
 Initial heigh
j* Final height
Initial pressure = PQ 
Final pressure = P 
Area = A
a
Figure 16: Schematic of the experimental layout (the suffixes ‘w ’ and ‘a’ refer to
the water and air outlet sections)
Theory
(30)
p,(v „ + avoJ = p0(v 0 + av0) (31)
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The suffixes ‘obs’ and ‘0’ on the volume change terms refer to the volume change that 
is observed (under pressure Pi) and the corresponding volume that the same quantity 
of gas would occupy under the initial, atmospheric pressure conditions. This assumes 
that because the initial volume Vo is small compared to the change in volume, AV, 
that the compression effect on this small volume may be neglected. Hence by 
algebraic manipulation o f (3) and (4) we get:
AV„=AVobs +
(Vo+AVobs| g ^
(32)
The volume fraction of air is thus given by the following simple equation:
V f =
AV„
M.
(33)
+ AVn
The term Mw here refers to the measured mass o f water. 
Experimental Trials
The apparatus was tested by means o f determining the air content o f air-saturated 
water produced by a laboratory-scale saturating column. The saturator column is 
shown in Figure 25, and is used to supply recycle to a laboratory-scale DAF tank. 
This DAF tank runs at a maximum rate o f 401pm (~0.05 Mid) which equates to a 
surface loading rate o f 16.0 m hr*1. The saturating column is designed to provide air- 
saturated water at a recycle ratio o f 10% of the maximum main flow rate, i.e. 41pm. 
The experimental arrangement for air separation experiments is shown in Figure 17.
Trials were carried out under differing conditions of saturating column pressure and 
recycle flow rate. The results are shown in Table 5.
Conclusions
The results show a consistent saturator performance o f between 70% and 80%, which 
is as would be expected for a packed saturator o f this capacity and flow rate 
conditions. The much lower recorded values using the simple, open sampling method 
show that this method cannot be expected to give reasonable values for air content o f  
the recycle flow. The volume rate o f collected air was high at the beginning o f the test 
when the more accurate sealed apparatus, as described above, was used. It is likely 
that this is the main reason for the failure o f the simpler test to give realistic values o f  
air content. It was observed that the flow rate and air content reduced as the pressure 
within the saturating vessel was reduced, in line with expectations from theory. The 
saturator efficiency remained fairly constant however. The air content o f the recycle 
seemed also to be sensitive to the recycle flow rate.
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Figure 17: photograph showing the laboratory-scale saturating column being 
performance-tested using the air measurement apparatus
Trial
no.
Flow rate 
(m3 hr'1)*
Sat. pressure 
(bar / psi)
% air (v/v) measured 
open** batch
% air (v/v) 
theoretical***
ti (%)
1 0.144 4 .6 /6 7 2.3/3 .1 8.9 11.6 77
2 0.139 4.6 / 67 2.3/3.1 9.0 11.6 78
3 0.235 4 .6 /6 7 N/A 8.4 11.6 72
4 0.229 4.6 / 67 N/A 8.5 11.6 73
5 0.031 4 .6 /6 7 N/A 8.1 11.6 70
6 0.177 5 .0 /7 3 N/A 9.9 12.4 80
7 0.161 4.6 / 67 N/A 8.2 11.6 71
8 0.151 4.0 / 59 N/A 7.6 10.5 72
Table 5 - Results of testing the air measurement apparatus on the laboratory- 
scale saturating column
* In experiments 1-5 the flow rate was adjusted by means of the feed valve. In 
experiments 6-8, the feed valve setting was kept constant and the change in flow rate 
is simply a function of the saturator pressure.
** Experiments were carried out using continuous feed into an open tank as 
described above. The two values quoted are for feed from above and feed from below. 
Experiments were not carried out at other flow rates or pressures.
*** The water temperature at the time of testing was 15°C.
Recommendation
The air content of recycle flow is an important parameter in the DAF process. On the 
basis of the results contained within this report, it is recommended that whenever the 
value of air content is assessed for a DAF installation, an apparatus of the type 
described in this report is most appropriate to use.
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PROGRESS REPORT #6
The experiments outlined in the 24-month dissertation have not quite yet been 
completed. The single-phase LDV experiments are complete and we are roughly half 
way through the series of two-phase LDV experiments. A high-power laser sheet 
apparatus was loaned from the EPSRC between late June and early September, and 
has been used to evaluate bubble concentration in the upper part of the DAF tank. A 
description of the method is attached to this report. Video footage of the bubble flow 
around the tank was also taken in order to gain a fuller understanding of the flow 
processes occurring. Another piece of EPSRC equipment, a high-power 2D LDV, is 
currently being used in order to gather the two-phase flow data required for 
comparison with the CFD model.
A summary of the work completed thus far is presented below, alongside the total 
deliverable material that was detailed at the 24-month stage. This summary is 
presented in the format of a journal paper, in order to easily see how the various data 
link together to tell a full story of this work.
Objectives from 24-month report Status
DAF process and 
its environmental 
impacts
Benchmark DAF process in the 
context of the whole water 
treatment process.
Data on electricity 
consumption obtained but 
not yet written up. Data on 
chemical usage and sludge 
production still need more 
refining.
Previous DAF 
models review
Keep updated on new 
developments
Watching brief maintained.
CFD modelling
Single-phase 
(water) modelling 
options for 
steady-state flow.
Compare and contrast data 
obtained from laminar flow 
model, k-e model and Reynolds 
stress model (RSM). Compare 
with experimental data and 
critically assess the assumption 
of steady-state flow by 
examining flow behaviour over 
longer time frames (1 minute or 
longer)
Experimental data 
acquired. Simulation data 
not yet fully acquired (need 
RSM data, data on the 
effect of targeted grid 
refinement on laminar flow 
model behaviour).
Two-phase (water 
+ air) modelling 
options
Compare and contrast data 
obtained from Eulerian-Eulerian 
two-fluid model, Inter-phase slip 
algorithm and drift flux model. 
Compare with experimental data
Simulation data not yet 
complete.
Experimental data on DAF flow
LDV experiments 
single-phase
Complete experiments for 
differing geometry and flow 
conditions to show the effects of 
these parameters.
Data acquired in both 
flotation zone and contact 
zone for three different 
contact zone weir heights 
and two different main 
flow rates. This section of 
work complete.
77
Degree o f Engineering Doctorate (EngD) in Environmental Technology Period: 1/4/01  -  1/10/01
LDV experiments 
two-phase
Complete experiments for 
differing geometry and flow 
conditions to show the effects of 
these parameters.
Data being acquired 
presently for three different 
contact zone weir 
arrangements, two different 
main flow rates and two 
recycle (air-saturated 
water) flow rates. Work 
may be limited to the 
flotation zone only due to 
limited loan time of 
equipment (returns at the 
end of January 2002). It 
will not be possible to 
carry out experiments to 
directly differentiate 
between signals from solid 
seeding particles and those 
from air bubbles using the 
available equipment.
Bubble 
concentration 
measurement 
non-intrusive 
visualisation and 
image analysis.
Obtain data on bubble 
concentration profile for 
comparison with simulation data.
Data acquired for three 
experimental
arrangements. Limited to 
upper 40mm of tank in 
flotation zone 
(experimental method 
described in attached 
document).
Bubble 
concentration 
measurement -  
low-intrusive 
light attenuation 
experiments.
Obtain data on bubble 
concentration profile for 
comparison with simulation data 
from areas of the tank 
inaccessible by the non-intrusive 
method.
Equipment not yet 
commissioned. Expected to 
be ready by early January. 
A description of the 
equipment and its method 
o f operation is given in an 
attached document.
Project Plan
The work that remains to be done before writing up the thesis is laid out above. The 
LDV experiments will be completed by the end of January when the equipment has to 
be returned. The bubble concentration meter should be ready for use by this time, and 
should take around one week to commission. Experiments should be completed 
within the space of a month. CFD simulations can now be accelerated and carried out 
more flexibly on a dedicated, fast laptop PC, so this work should be completed by the 
beginning of March. r
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Measurement of air bubble volume fraction in DAF
Description o f  problem
A need was identified to evaluate the volume concentration of fine air bubbles 
(diameter typically 20um to lOOum) in a self-mixing tank. The volume concentration 
of air bubbles was known at the point of injection, and was of the order of 8-10% v/v. 
This dense bubbly flow is mixed with a non-bubbly flow, which ‘dilutes’ the flow 
considerably (by a factor of 1/100 in these experiments). The region of interest for 
determining volume concentration of bubbles is the upper surface layer of the tank, 
where air bubbles tend to accumulate. Therefore the volume concentration in this 
region would be expected to be higher than the simple average assuming perfect 
mixing, i.e. > 0.08-0.10% v/v. However the region of the tank where bubble 
accumulation occurs, often termed the ‘bubble blanket’ comprises approximately one 
sixth of the tank volume, the rest remaining quite clear of bubbles, thus the volume 
concentration of bubbles in the accumulation zone would be expected to have a 
limiting upper value of 0.48-0.60%, assuming that the rate of loss of air bubbles from 
the system (i.e. from the water surface to the environment or via the outlet) was equal 
to the rate of delivery of new bubbles (equilibrium situation)" throughout the 
experiment. If there was a net retention of air in the tank prior to achieving an 
equilibrium, then the volume concentration of air bubbles in the accumulation zone 
might be expected to be higher than 0.48-0.60%. The objective was to measure the 
volume concentration of bubbles in this accumulation zone in a non-intrusive way.
Technique using high-speed photography with laser-light sheet
A high-power copper-vapour laser (10W delivered laser energy) was used to produce 
a light-sheet measuring 40mm wide by 2mm thick. This was shone into the tank from 
the side and a CCD camera was positioned above the tank, focussed on the 
illuminated area. The area of measurement was 16.1mm by 12.1mm and the focal 
depth at this magnification was found to be 6mm. The focal depth was measured by 
using solid particles, of a similar size to the air bubbles being analysed, sprinkled on a 
clear glass surface as the test subjects. The shutter speed of the CCD camera was 1ms, 
which was found to give the optimum resolution without streaking of the image. A 
typical ‘snapshot’ of the air bubble distribution is given in Figure 18 below. This 
image then receives a threshold treatment to yield a binary image of the air bubbles 
that were in good focus. All badly focussed bubbles that fell outside of the focal 
length of the measurement volume were rejected. The corresponding binary image for 
the example snapshot is shown as Figure 19.
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Figure 18: Captured image of air bubbles in flotation tank
Figure 19: Binary image showing bubble distribution, taken from the raw image
above.
The total area of bubbles within the frame is then counted and expressed as an area 
percentage and the total number of identified air bubble objects is also counted. 
Assuming that an insignificant number of air bubbles are masked from view by other 
bubbles within the measurement volume, and also assuming that the range of bubble 
sizes is small in a given sample, the volume percentage of air bubbles is calculated as 
follows:
Average bubble diameter = dh
Total bubble area - A t
Total number of bubble objects = Nb
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Total field area — Af 
Focal depth = Fp
Average bubble area = —^  hence d b -  r
N b ] n N b
TCcl  ^ ^
Average bubble volume = — — , so volume fraction of bubbles = —-— —
6 6AfFd
Substituting for db, we arrive at the following expression:
4A 3/2Volume fraction =  —■7=  (34)
3 ArFDjtfTb
As an illustration, in Figure 19, Af = 16.1 x 12.1 =194.8mm2, Fd = 6 mm, A j  = 
9.8mnT and Nb = 747, hence the volume fraction of air = 0.07 %.
Technique using light attenuation
It is important to be able to measure the air bubble concentration at various points 
within the DAF tank as a means of comparison with CFD simulations. An apparatus 
to measure the air bubble concentration has been devised which uses the principle of 
light attenuation. A schematic of the apparatus is shown below in Figure 20. The 
light-guide hypodermic tubing has been constructed and the electronic components 
are ready. What is required now is to connect up the electronic circuits in order to test 
the equipment and, if the tests are successful, to build the support structure for the 
apparatus. It is anticipated that this will be complete by the end of January 2002.
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Figure 20: Schematic of the light attenuation meter
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PROGRESS REPORT #7
The experiments outlined in the 24-month dissertation have now been completed. An 
updated summary of the work completed thus far is presented below, alongside the 
total deliverable material that was detailed at the 24-month stage.
Objectives from 24-month 
report
Status
DAF process and its 
environmental impacts
Benchmark DAF process in the 
context o f the whole water 
treatment process.
Data on electricity 
consumption obtained and 
analysed.
Previous DAF models review Keep updated on new 
developments
Watching brief maintained.
CFD modelling
Single-phase (water) modelling 
options for steady-state flow.
Compare and contrast data 
obtained from laminar flow 
model, k-e model and Reynolds 
stress model (RSM). Compare 
with experimental data and 
critically assess the assumption 
of steady-state flow by 
examining flow behaviour over 
longer time frames (1 minute or 
longer)
Experimental data has been 
acquired. Simulation data 
also fully acquired.
Two-phase (water + air) 
modelling options
Compare and contrast data 
obtained from Eulerian- 
Eulerian two-fluid model, Inter­
phase slip algorithm and drift 
flux model. Compare with 
experimental data
Simulation data not yet 
complete.
Experimental data on DAF flow
LDV experiments single-phase Complete experiments for 
differing geometry and flow 
conditions to show the effects 
of these parameters.
Data acquired for three 
different contact zone weir 
arrangements and main flow 
rates. Work complete.
LDV experiments two-phase Complete experiments for 
differing geometry and flow 
conditions to show the effects 
of these parameters.
Data acquired as per 
experimental plan in 
24month dissertation.
Bubble concentration 
measurement -  photography 
technique.
Obtain data on bubble 
concentration profile for 
comparison with simulations.
Data acquired and analysed.
Bubble concentration 
measurement -  light probe 
technique.
Obtain data on bubble 
concentration profile for 
comparison with simulation 
data from areas o f the tank 
inaccessible by the non- 
intrusive method.
Equipment not ' yet 
commissioned. Expected to 
be ready by the second week 
of April.
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Project Plan
A journal paper for submission to Water Research is currently being written, 
summarising the LDA results, bubble concentration measurements by light-sheet 
photography and the two-phase CFD simulations carried out thus far. The remainder 
o f the two-phase CFD simulations still remain to be done and analysed. Also with 
regard to bubble-concentration measurement throughout the tank, the light-guide 
hypodermic tubing described in the previous 6-month report has been properly 
mounted in a support structure. Due to technical problems however, the electronic 
circuits are not yet ready, but are due to be tested during the week commencing 8th 
April. It is envisaged that, given successful testing of the rig, the measurements will 
take place over a period o f two weeks.
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PROGRESS REPORT #8: FINAL PROGRESS REPORT 
Literature search update
The broad directions of the literature search are as follows:
• Fundamental aspects o f the DAF process and its modelling.
• Experimental techniques for (two-phase) flow measurement.
• Environmental considerations.
A literature survey was carried out at the 6-month stage and this was updated at the 
24-month stage. Full copies o f these literature surveys are included in Progress 
Reports #1 and #4. The purpose o f this part o f the portfolio is to expand on the 
information already contained within these documents and to add new information 
that has come to light since those documents were written.
Experimental techniques for two-phase flow measurement
The measurement o f individual velocities o f both phases in a two-phase system is 
especially important if  there is a significant difference between them, as in the case of 
large (1mm diameter or greater) air bubbles in water (Burgess and Calderbank 1975, 
Velidandla and Roy 1996). In the case o f such large bubble size, the range of 
measurement options is increased (Delhaye, 1989). For bubbles within the range 1mm 
to 5mm, resistivity probes could be used to good effect for both dispersed-phase 
velocity and bubble size measurement (Albusaidi 1996, Greaves and Kobbacy 1984). 
In order to measure both velocities sequentially (not simultaneously), Velidandla and 
Roy (1996) used the technique o f ID LDV. They applied different photo-multiplier 
(PMT) voltage and Bragg shift frequencies when measuring air velocity to those used 
when measuring water velocity. They could achieve differentiation o f the two signals 
because the bubble size was sufficiently large (6mm diameter). This led to differences 
between the solid seeding particles in the water and the air bubbles, both in terms o f 
velocity profile and reflective characteristics. Ohba et al. (1986) also achieved 
differentiation o f flow velocity in air-water bubbly flow where the bubbles were o f the 
order o f a millimetre in size. They used the technique o f pedestal differentiation, 
described by Hewitt (1978), where the background signal o f the Doppler burst (known 
as the ‘pedestal’) is isolated from the whole signal. The height and width o f the 
pedestal signal contains information regarding the size and nature o f the reflecting 
particle (Durst, 1978). However when the air bubbles are being used as seeding 
particles and are comparable in size to other water-borne seeding particles, 
differentiation o f the signals deriving from them becomes more difficult. Tan et al. 
(1995) used a band-pass filter to differentiate signals from bubbles and particles as 
they claimed that the Doppler burst frequency was lower for bubbles than for solid 
particles. However the bubbles that they used were 3-4mm in size compared with 
particles o f 10-15 pm, so a large difference in signal would be expected. Based on 
experimental observations using photography and bubble-rise velocity, the average 
bubble size range in our experimental arrangement is 50.1pm with a standard 
deviation o f 5.5pm (see page 97). This is in good agreement with the predictions o f 
Takahashi et al. (1979) for the pressure used. A small number o f bubbles adhere to the 
edges o f the nozzle and grow to sizes in excess o f 150pm, but these are relatively few 
in number, and are in any case unavoidable within the confines o f these or similar
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experiments (Rykaart and Haarhoff, 1995). The seeding particles used for water 
velocity measurement in these experiments were silver-coated, hollow glass beads of 
diameter 4pm and specific gravity of 1.1.
The distribution o f air within the flotation zone of the DAF tank is also o f importance, 
not only because of its influence on the likelihood o f floe breakaway from the sludge 
layer (Lundh 2000, Edzwald 1993) but also in order to reduce the magnitude of 
velocity gradients by ‘spreading’ the flow within the flotation zone (Hague 2002, 
Lundh et al. 2001, Haarhoff and Edzwald 2001). It is important therefore that reliable 
experimental data o f bubble concentration is available throughout the tank for 
comparison with simulations. Previous authors have used a variety of techniques for 
assessing air bubble concentration within a flow system. These include the use of 
resistivity probes as mentioned above, the use o f tracer gases (Prince and Blanch, 
1990), laser-sheet photography (Hague et al., 2001), direct sampling (Lundh 2000) 
and light attenuation (Leppinen and Dalziel 2001, Calderbank 1958). The advantage 
o f using a direct, photometric technique such as light-sheet photography is ease of 
calibration. However in a DAF tank, where bubble number concentrations are high, 
only certain parts o f the tank may be accessible. The technique may also suffer from 
an excessive sensitivity to the threshold light value used for discriminating such small 
air bubbles. The light attenuation technique o f Leppinen and Dalziel is non-intrusive 
to the flow, but has to assume that the bubble concentration is the same throughout the 
entire width o f the tank. Dye-trace tracking was abandoned as a technique when 
preliminary two-phase experiments showed that dye particles were lifted to the 
surface of the tank and tended to stay there. Dye-trace tracking seems more suited to 
single-phase experiments (Hague et al. 1999, Ta and Brignal 1997) and larger bubble 
systems. It was decided that a combination o f direct photography and a probe-based 
light attenuation method would allow data to be sampled throughout the tank with 
limited levels o f intrusion, while retaining the ease o f calibration attributable to the 
techniques o f Lundh (2000) and Leppinen and Dalziel (2001) .
Environmental considerations
When considering the environmental contribution o f this project, it is essential to 
understand the specific environmental impacts associated with DAF and how these 
compare with other methods of achieving the same technical objective.
The options available for clarification of water destined for potable supply are:
• DAF }
• Sedimentation }+ media filtration
• Enhanced sedimentation }
• Membrane filtration
The main environmental impacts associated with all these processes, including DAF, 
are:
• Impacts associated with energy use
• Materials used during lifetime o f process unit
• Land area taken up by process unit
This assumes that any differences between the unit processes, in terms of water 
efficiency, waste production and embodied energy of plant, are negligible. The
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following is a comparison of the above listed treatment processes. Firstly, a brief 
description o f the salient features of these treatment processes.
Sedimentation
This process relies on the natural tendency of large clusters of particles, or ‘floes’, to 
settle out from water by virtue of their greater specific gravity. For spheroid floes that 
are in a dilute suspension, the effective settling velocity is the resultant of the 
gravitational and viscous drag forces on the floe, and this is shown in Figure 21 for 
particles of various specific gravity values and sizes.
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Figure 21: Terminal settling velocity for spheroid flocculated particles as a 
function of specific gravity and size.
Water is drawn off from the top of the sedimentation tank, leaving sludge to gather at 
the bottom. Floes are mentioned here, as most particles in untreated water are smaller 
than 10pm, hence a flocculation treatment is required in order to increase the effective 
particle size and increase the rate of settling. This is a problem in cases where the 
particles to be removed have a very low specific gravity, e.g. algae, Cryptosporidium 
oocysts and natural colours (fulvic and humic acid compounds), and increased 
quantities of flocculants and coagulants are required. Sedimentation is always used as 
a primary clarification process, followed by filtration of some kind. The typical 
surface-loading rate of a sedimentation tank is between 1 and 5 m hr'1
Enhanced sedimentation
This is essentially a physico-chemically assisted variant of straightforward 
sedimentation as described above. A fine dispersion of dense material is used, such as 
silica sand, which has received a chemical pre-treatment to increase its surface 
activity. This is introduced during the flocculation process in order to act as a seed for
Particle diameter (pm)
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floe formation and also to increase the overall density o f floes. In this way, surface- 
loading rates may be increased to between 10 and 25m hr'1.
Membrane filtration
This refers to a family o f techniques comprising micro-filtration (MF), ultra-filtration 
(UF), nano-filtration (NF) and reverse osmosis (RO). The MF and UF processes are 
intended to operate as stand-alone clarification processes, unlike DAF, sedimentation 
and enhanced sedimentation (EPA, 2001), or as pre-treatment stages for NF or RO 
processes. All these systems rely on micro-porous membranes of either ceramic or 
polymeric construction. The main difference between them is in the size of pores in 
the membranes and the pressures used to force solutions through them. This is 
illustrated in Figure 22.
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Figure 22: Illustration of the family of membrane filtration techniques and the 
scale of filtered species in the case of dairy milk treatment (after: Tetra Pak
(2001))
The filter media are generally supplied in the form of cartridges, which are chemically 
cleaned by back-washing and may also receive an air-scour treatment to remove the 
filtered material from the membrane surface. Membrane filtration units are compact 
and can achieve surface loading rates comparable with other high-rate treatment 
techniques.
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Energy
Water treatment processes for the production o f potable water account for 19% of 
total energy expenditure within the operations of Thames Water (UK). This is 
illustrated in Figure 23. Yorkshire Water carried out a direct comparative study of 
DAF vs. direct filtration for treatment of its water (Franklin et al, 1997). Their 
findings, in terms of cost to the company, are summarised in Table 6, and show an 
increased treatment capacity, reduced labour and chemical costs, but a slightly 
increased energy cost for the DAF option. Overall however DAF shows a cost benefit 
when compared with direct filtration.
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Figure 23: Energy use by sector within Thames W ater UK (Hague,1999c)
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DAF plant (105 Mid) Direct filtration plant (45 Mid)
£k p.a. % o f total cost o f £k p.a. % o f total cost o f
per Mid filtration plant per M id filtration plant
Labour 1.81 13.5 4.45 33.2
Power 1.51 11.3 0.98 7.3
Chemicals 1.92 14.3 4.27 31.9
M aintenance 2.27 16.9 1.61 12.0
Other 0.49 3.7 2.09 15.6
Total 8.00 59.7 13.40 100.0
Table 6: Data from the Yorkshire Water study comparing DAF with direct 
flltration.
In addition, direct measurements were made of total energy consumption by a water 
treatment works within Thames Water (UK), both with and without the DAF plants in 
operation. The results of this investigation are shown below in Figure 24.
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Figure 24: Energy use at a Thames Water (UK) water treatment works with and
without DAF in operation
It can be calculated from the data illustrated above that the energy impact of the DAF 
plant amounts to between 14% and 20% of the total energy impact of the water 
treatment operation. This is a significant proportion of the total. An analysis of energy 
consumption was also carried out at a pilot water treatment plant within Thames 
Water allowing comparisons of energy consumption to be made. The results are given 
below in Table 7.
DAFF on/off
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Treatment option Volumetric 
flow rate 
(Mid)
Normalised
energy
consumption
(kWhMld'1)
Rapid gravity filtration 
(RGF)
0.566 49
DAF + RGF 0.353 113
Membrane micro-filtration 0.086 245
Table 7: Data from a Thames Water pilot plant, comparing different unit 
treatment processes
Power consumption o f DAF combined with RGF is comparable or lower than for 
membrane filtration. In any case, the energy burden o f primary clarification is a 
significant but small part o f the total burden o f water treatment. A large part o f the 
energy burden o f supplying drinking water is in the extraction and the distribution, 
where large pumping pressures are required over large distances.
Consumable materials
The consumable materials used in the clarification o f water are flocculant chemicals 
(e.g. ferric chloride, ferric or aluminium sulphate), coagulation chemicals (e.g. 
polyaluminium chloride, or PAC), acids and alkalis for pH correction and filter media 
(or filter cartridges in the case o f membrane filtration).
In order to harness the available benefits o f DAF (Edzwald 1995, Vlaski 1997, Parker 
and Monteith 1996), the DAF process needs to be working efficiently. Crucial 
parameters are floe and bubble size (Edzwald 1997, Steinbach and Haarhoff 1997, 
Reay and Ratcliff 1973), adequate pre-treatment (Matsui et al 1998, Scriven 1997), 
recycle ratio and general hydrodynamics (Hague et al., 2002, French et al. 2000, 
Lundh et al. 2000).
Membrane filtration provides efficient removal o f small particulates and will be an 
increasingly important process in the future o f water treatment (Zhou and Smith 
2001), but its energy consumption is high. . Dissolved air flotation can be used as a 
pre-treatment stage for membrane filtration to good effect (Braghetta et al., 1997). 
This is particularly important in order to reduce the required level o f chemically- 
intensive cleaning o f filter membranes.
Land area
The average daily supply o f treated water by Thames Water UK (excluding customers 
in Ireland) is around 2,500M1. The operational sites responsible for this supply occupy 
approximately 3000 hectares o f which approximately 40% is operational sites and 
60% is raw water storage reservoirs (TWUK, 2000). To put this into context, there 
were estimated to be 12,600 hectares o f previously used land, in the whole o f this 
area, deemed to be appropriate for housing stock (National Land Use Database, 2000). 
Obviously there is a strong drive for land to be freed up, by more efficient use o f land, 
in order to accommodate housing. The operational footprint o f DAF is small, o f the 
order o f 10-20m2Mld_1, giving an advantage in this respect.
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Flow measurement experiments
Introduction
The variables measured in the experiment are main flow rate (1pm), recycle ratio (% ), 
surface loading rate and the contact zone height. The settings chosen for these 
experiments are shown in Table 8. Tabulated results from the LDV measurements for 
each o f these experiments are shown in Appendix I o f this volume.________________
Experiment
ID
Main Flow 
(1pm)
Recycle 
ratio (%)
Surface loading rate 
or SL R (m hr-l)
Contact zone height 
or CZH(mm)
DAF la 10 0.0 4.0 50
DAF lb 10 0.6 4.0 50
DAFlc 10 1.2 4.0 50
DAF Id 10 3.5 4.1 50
DAFle 10 6.7 4.3 50
DAF2a 20 0.0 8.0 50
DAF2b 20 0.6 8.0 50
DAF2c 20 1.2 8.1 50
DAF2d 20 3.5 8.3 50
DAF2e 20 6.7 8.6 50
DAF3a 35 0.0 14.0 50
DAF3b 35 0.6 14.1 50
DAF3c 35 1.2 14.2 50
DAF3d 35 3.5 14.5 50
DAF3e 35 6.7 14.9 50
DAF4a 20 0.0 8.0 100
DAF4c 20 1.2 8.1
oo
DAF4d 20 3.5 8.3 100
DAF4e , 20 6.7 8.6 100
DAF5a 20 0.0 8.0 25
DAF5c 20 1.2 8.1 25
DAF5d 20 3.5 8.3 25
DAF5e 20 6.7 8.6 25
Table 8 -  Experimental arrangements for flow investigations
Air content o f air-saturated water supplied bv the saturator vessel
The air-saturated water supply comes from a pressurised water-air contactor known as 
a saturator. The saturator is a packed cylinder that is fed with pressurised air and 
water from above. The air absorbs into the water as the water descends the column to 
a reservoir at the base. The saturator is shown in Figure 25.
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The method of determining air content of air- 
saturated water, ac, is described on page 90. It 
was important to determine the effects of 
volumetric flow rate, Qs, and water temperature, 
T, on the air content of air-saturated water.
Water temperature was controlled by an 
immersion cooler. The effects of temperature and 
flow rate were investigated, between 15°C and 
26°C, 0.31pm and 2.41pm respectively. It was 
found that changes in the flow rate did not 
significantly affect the degree of saturation. 
However the air content was affected by the 
water temperature, as would be expected from 
theoretical predictions. An illustration of this 
behaviour is shown in Figure 26.
Figure 25: The satu rato r (w ater-air contacting vessel) used in these experiments
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Figure 26: A ir content as a function of inlet w ater tem perature
The air content of the saturated water never achieves the theoretical equilibrium level 
as shown in Figure 26. In order to explain this, it is necessary to analyse the mass 
transfer coefficient, KTa, and the operating demands of the system. According to 
Norman (1961), the mass transfer coefficient can be expressed as:
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m  = L0eiZ x1)
pHAx
(35)
LM
In this equation, L is the water loading rate (kg s '1 m '2), H is the height o f the packed 
section o f the saturator column (m), p is the density of water (kg m"3), xi is the 
concentration o f air in the inlet water to the saturator (kg m"3), and X2 is the 
concentration o f air in the water as it exits the saturator (also in kg m"3). The 
expression Axlm is the logarithmic mean of the difference between equilibrium 
concentration under given conditions o f temperature and pressure, x*, and actual air 
concentration at inlet (xi) and outlet (X2), and takes the form below:
(x. - x ,Yx .  - x 2)
v 1A • (36)AXlm =
In x - x ,
X .  - x .
The air concentration in the water entering the saturator, xi, assuming equilibrium 
conditions at a temperature o f 21°C, is 0.025 kg m '3 based on Henry’s constant values 
calculated by Lide and Frederikse (1995) and Kavanagh and Trussel (1980). Using the 
same values, for a pressure of 4.5 bar and temperature o f 21°C, the equilibrium 
concentration o f air in water is calculated to be 0.15 kg m '3. The values for air volume 
fraction, X2, shown in Figure 26 refer to the excess dissolved air above the baseline 
value of xi, i.e. that which is available for desorption in the form of air bubbles once 
the air-saturated water is brought back to atmospheric conditions, or X2-X1. The height 
o f packing in this saturator is lm. The range o f volumetric flow rate into the saturator 
for these experiments is 1.0 x 10'6 to 3.9 x 10'5 m V1. The cross-sectional area of the 
saturator is 1.8 x 10'2 m2. Combining these values and the density of water, an 
operating range for the water loading rate, L, is calculated to be 0.06 to 2.2 kg m '2 s '1. 
Extensive experimental studies reported in Norman (1961) resulted in another 
expression for KLa:
K La = D (lV (  \i °^5a
L
pD
(37)
In this equation, D is the diffusion coefficient o f air in water and \i is the kinematic 
viscosity of water. The terms a  and n are determined by the packing characteristics. 
Rings o f 0.5 inch diameter such as were used in this saturator have the following 
values for a  and n:
a  = 280, n = 0.35
Taking a value of 2.0 x 10"y m2 s '1 for D (Wilke and Chang, 1955), this gives a value 
for ^ a  of between 1.8 x 10-4 and 1.8 x 10'3 s '1. The above expression was deemed to 
be applicable over a wide range o f loading rate, however King (1980) reports a value 
for ^ a  o f oxygen dissolution in air o f 9.1 x 10"3 s"1, almost an order of magnitude 
higher than Norman’s empirically-derived value. Rearrangement of (34) and (35) 
gives us the following expression: 
x . - x 2 / \ L l n f x . - x , )
---------- + Lln(x. - x 2 ) = ---------- 7----------r (38)
x , — x 2 v 7 K LapH(x. - x , )
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Substituting appropriate values for L and IQa, along with the known values o f x* and 
xi, we can calculate the predicted values of final air concentration, X2 . Using the 
empirically derived value for Kia, the predicted air concentration, X2, is 0.06 kg m '3 
(28% of the maximum saturation), whereas the theoretically derived K^a value yields 
a predicted X2 value of 0.137 kg m '3 (90% of the maximum saturation). The actual 
proportion of the maximum saturation, or saturator efficiency, that was achieved was 
found to be 86%, in close agreement with the value derived using King’s theoretical 
value of 9.1 x 10'2 s '1 for ^ a .
There is then the question of whether all the excess air within solution is precipitated 
as air bubbles as the saturated water is released from the nozzle of the DAF tank. The 
sudden pressure drop across the saturated-water nozzle and the large area over which 
air diffusion can take place within the DAF tank both tend to favour the widely held 
view that practically all o f the excess air (above baseline atmospheric levels) is 
precipitated instantaneously as it enters the contact zone of the DAF tank. However it 
is important to verify that this hypothesis stands up to formal analysis of gas 
desorption. If the number density o f air bubbles just outside the saturated-water nozzle 
is N, then the total surface area o f bubbles, a, within a unit volume o f solution is
Nrol , where d is the bubble diameter. The volume of these bubbles per unit volume of
*2
solution is Nnd /6, and as the gas hold-up, F, is the ratio of gas volume to total 
volume, then F = Nrcd /6. Thus the total area o f bubbles per unit volume, a, by 
6F
substitution for N is — . We know the initial gas hold-up entering the tank is 10% 
d
and the bubble diameter is around 50pm, so a = 12000 m"1. Now the Sherwood
K d
number (Sh) is defined as the ratio —— , and we know D = 2.0x1 O'9 m V 1. It has been
D
reported that for fine bubbly flows in low Reynolds number conditions, Sh = 2 (King 
1980) thus by re-arrangement: ^ a  = 12000 m '1 x 8 x 10"5 m s '1 = 0.96-s'1. To assess 
the characteristic time of desorption, consider a solitary air bubble within the contact 
zone of the DAF tank. The driving force for desorption of air from the surrounding 
water to the bubble is provided by a concentration difference Ac, with the mean 
concentration at any point approximately equal to Ac/2 and the initial concentration 
difference Aco. The volume associated with an individual bubble is 1/n where n is the
number of bubbles per unit volume. If the instantaneous mass transfer rate is N, then
within a given time period 6t, air will be desorbed from the surrounding fluid to the 
bubble according to the equation:
N8t = —  -  (39)
2n
The instantaneous mass transfer rate N can also be expressed in terms of Kl, the 
surface area of the bubble and the desorption driving force:
N = K L7id2Ac (40)
By rearrangement o f (38), substitution for n and integration, we have an expression 
for the desorption half-life ti/2 :
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j*8t — t1/2 — J
A AC0A c - -------2 1 f  5L\„\
t=o Ac=Ac0 2nKL7id
5Ac 
v Ac j 2nKLraf
ln2 (41)
The number of bubbles per unit volume, n, is related to the gas hold up, F, and the 
volume of the individual bubble, Vb, by the following equation:
F 6F (A1\n = —  = — -  (42)
Vb Tld3
Hence: t .n  =  ln2 (43)
1/2 12FKl
The known values o f d, F and KL (calculated above) give a value for ti/2 o f 0.4s. The 
average residence time o f water in the contact zone o f the DAF tank is of the order o f 
30s. Hence the assumption that all air is fully desorbed from the surrounding water 
into the air bubbles by the time the water enters the flotation zone is justified.
Calculating the flow of air-saturated water
A pair of sensors, one upper and one lower controls the level o f water in the saturator 
reservoir. A call to fill is made to the air-driven pump as the water level dips below 
the lower sensor. Filling continues until the water level reaches the upper sensor. The 
rate o f flow o f air-saturated water, Qs, is thus inversely proportional to the time 
interval between calls to fill the saturator reservoir. This relationship was determined 
by a series of experiments at different flow rates. The flow rate in each experiment 
was determined by measuring gravimetrically the quantity of water, Mw, flowing into 
the tank during a time period At of 600s.
The air content, ac, o f the saturated water under the experimental conditions of 
saturator pressure and temperature had been pre-determined by the air separation 
experiments described above. Thus the flow rate o f air-saturated water, Qs, is given 
by:
f  1 \
(44)M,QS = ^ L
PwAt
l
l - a r v c y
The flow rate as a function of the time between calls to fill is shown in Figure 27 and 
seems to fit well to the equation as shown.
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Figure 27 - Flow rate as a function of time between filling operations
Bubbles and solid seeding particles as flow-tracing particles
The air bubbles used in these experiments were produced, as has been already 
described, by the action of a sudden drop in pressure as air-saturated water passes 
through a converging-diverging restriction known as a needle valve within the nozzle. 
The size range of the bubbles was measured by photography. Calibration of the 
photography method was carried out using a graticule to define the region o f interest 
(ROI). Photographs, such as that shown in Figures 18 and 19, were used in the 
measurement of bubble sizes. The bubble size data is plotted in Figure 28. Air bubble 
diameter was found to have an average value of 50.1pm with a standard deviation of 
5.5pm.
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Figure 28: Data of bubble diameter recorded during flow experiments
Experimental techniques and results obtained
Light-sheet photography fo r  bubble concentration measurements
The technique making use of image analysis is described on page 79. Measurements 
were taken at distances of 10, 20, 30 and 40mm from the upper surface, with x- 
locations of 25, 125, 250 and 375mm from the origin as shown in Figure 29. 
Measurements were made at z = 50mm and z = 100mm from the tank wall.
WATER
L E V E L
£ ) ♦
I F X -D IR E C T IO N
*  PDINTS USED EDR LIGHT-PRQBE MEASUREMENTS
*  POINTS USED FDR PHOTOGRAPHY MEASUREMENTS
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Figure 29: Diagram showing the points at which bubble measurements are made, 
both for the photography technique and the light probe technique.
Beyond a depth of 40mm into the tank, individual bubbles could not be resolved 
visually, hence the limitation of this technique to the upper 40mm of the tank. The 
image size or region of interest (ROI) in each case measured 16.1mm x 12.1mm. For 
each measurement point at least 40 individual images were captured for analysis 
during a period of 120s. The experimental conditions used for these experiments were 
those of DAF3b and DAF3e in Table 8. The results are shown in Figures 30 and 31. 
The error bars on the average traces show the standard deviation of data.
—  z = 50mm —  z = 100mm average measured ^ “ zero datum
340 2.0% 2.0% 2.0% 2.0%
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Figure 30: Air concentration data from laser-sheet photography DAF3b
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Figure 31: Air concentration data from laser-sheet photography DAF3e
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The x-locations of the measurement points are x =25, 125, 250 and 375mm, taking the 
beginning of the flotation zone as the origin. Largely the bubble concentrations are 
comparable between the planes z =50 and z =100mm, with the z=50mm plane 
displaying slightly higher bubble concentrations. There is a small increase in bubble 
concentration as the surface is approached (moving from y= 310 to 350) in most 
cases, while in some cases the bubble concentration remains fairly constant through 
the depth. These data can be used to compare with air concentration data obtained by 
use of a light probe.
Light Probe (bubble concentration measurement)
apparatus
A light probe, to be used as a bubble concentration meter, was devised. The technique 
is briefly discussed in Progress Report #6. This apparatus relies on the attenuation of 
light as a proxy measure of bubble concentration. Leppinen and Dalziel (2001) used a 
similar measurement rationale in their work, with the exception that they assumed 
even bubble concentration across the width of the tank. The currently reported 
technique allows bubble concentration to be measured at all points within the tank, 
with minimal physical intrusion. The apparatus comprises two slender, (3mm outer 
diameter) stainless steel, Tight-guide’ tubes fitted with bundles of fibre-optic cables. 
The tubes are bent to form a quarter-circle at their ends and mounted with their open 
ends facing each other. One of the tubes is then fitted to a light source, while the other 
is connected to a light sensor. As the air bubbles are the source of obscuration of the 
light sensor, the voltage signal from the sensor is an inverse function of the bubble 
concentration. The voltage signal from the sensor is fed to a data-logger, which takes 
readings each second. The full  is shown in Figures 32 and 33.
Figure 32: The bubble concentration 
meter, showing light-guide tubes. 
The light source and sensor are 
connected to flexible metal hoses. 
Also shown is the logging device used 
for data storage.
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Figure 33: The bubble concentration meter during bubble concentration 
measurements of the DAF tank  (experiment DAF3e).
The device was calibrated by immersing it into the bubbly air/water dispersion in the 
contact zone of the DAF tank under different known conditions of flow rate at the 
nozzle. Samples of the bubbly flow were taken using a calibrated sampling vessel and 
their air contents were measured. Thus a curve of meter reading vs. air bubble 
concentration could be produced, and this is shown in Figure 34 below.
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Figure 34: Calibration curve for the light probe.
Data were then acquired within a grid of 6x9 points (in the x- and y-axes respectively) 
within the flotation zone under the following experimental conditions.
1. DAF3b z=50mm
2. DAF3bz=150mm
3. DAF3ez=50mm
4. DAF3e z= 150mm
Contour maps of the air bubble concentration were produced for each of these 
experimental arrangements, and are shown in Figures 35-38 where the y-axis shows 
the height above the tank floor and the x-axis shows the distance along the floor of the 
tank from the contact zone weir.
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Figure 35: Bubble concentration measured by light probe within the flotation 
zone of the DAF tank, experimental condition DAF3b, z=50mm.
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Figure 36: Bubble concentration measured by light probe within the flotation 
zone of the DAF tank, experimental condition DAF3b, z=150mm.
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Figure 37: Bubble concentration m easured by light probe within the flotation 
zone of the DAF tank, experimental condition DAF3e, z=50mm.
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Figure 38: Bubble concentration measured by light probe within the flotation 
zone of the DAF tank, experimental condition DAF3e, z=150mm.
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The points o f note are as follows:
• While the photography method tends to show a greater concentration o f air 
bubbles at the sides o f the tank than at the centre, the light probe method shows 
the opposite.
• The levels o f air concentration as measured by the two methods are similar in the 
case o f experiment DAF3b where the quantities o f air are lower. However the 
same is not true o f experiment 3e where the photography method suggests much 
higher air concentration values (in excess o f 1% v/v) than the metering method.
• The calibration technique for the light probe method was based on direct sampling 
o f air/water mixture from the air-rich contact zone. When samples were taken 
from the flotation zone, the recorded bubble concentrations were within 20% of 
those measured using the light probe. However corresponding values calculated 
from direct photography were considerably higher (see below for an explanatory 
hypothesis). Based on this evidence, it was judged that the light probe method was 
more adequate for the determination o f time-averaged air bubble concentration. 
Further analysis using the direct photography method, for time dependent flow 
features, may form the subject o f future research.
• The maximum values o f air concentration recorded by the light probe method 
were o f the order o f 0.6% for the experimental condition DAF3e. If  we assume 
that the blend o f air and water mixes perfectly within the contact zone before 
feeding into the flotation zone, we can express the concentration o f air in terms of 
known operating parameters. The inlet stream to the flotation zone, Vfin, would 
thus have an air concentration given by the following:
VfL = C'
v .+ v .
(45)
V
Where Vs is the flow rate from the saturator nozzle, Vm is the main flow rate and C \ir 
is the volume fraction of air within the saturator nozzle flow stream. For DAF3e, 
these are 0.235 1pm, 35 1pm and 10% respectively, thus Vfin = 0.63%. If the 
concentration o f air within the upper portion o f the flotation zone were to exceed this 
value, then there would be a driving force for transport o f air back into the contact 
zone from the flotation zone by virtue o f a negative concentration gradient. Thus the 
equilibrium concentration o f air within the upper portion o f the flotation zone is not 
expected to significantly exceed Vfin, and there is a good fit between experimentally 
recorded volume fraction by the light probe method and the hypothetical value. The 
agreement is not so good with the direct photography method. This could be due to 
difficulties in selecting the exact area o f air bubbles, A t (a process known as 
thresholding) from the images acquired by photography. As the governing expression 
in the photography method is a function o f A t3/2, it is sensitive to small errors in the 
measurement of At.
Doppler Velocimetry
The Doppler effect is a well-known one, whereby the frequency of a signal reflected 
from a moving body differs from that o f the incident signal, f t . The difference, Afo , is 
known as the Doppler shift and is a function o f the velocity o f the moving body. This 
phenomenon can be exploited to measure the velocity o f very small particles carried
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along by currents within a fluid medium. This explains our interest in Doppler 
velocimetry as a means of non-intrusive measurement of flows in water and water/air 
systems.
(38)
In this equation Vm is the velocity of transmission of the signal through the medium.
The two most common forms o f signal used in Doppler velocimetry are acoustic 
(ADV) and laser (LDV). The values o f Vm (m s '1) for sound and laser signals in both 
air and water are given below.
Velocity o f signal within 
transmission medium, Vm (m s '1)
Water Air
Acoustic 2 x 10J 3 x 107
Laser 3 x  105 3 x  10s
If we take the case o f sound waves in water, we see that in order to cause a Doppler 
shift o f 0.1%, the water-borne particles that reflect the signal must be moving at a 
velocity of 1 m s '1. Laser radiation has a much higher speed in the transmission 
medium. Thus if  straightforward reflected laser beams were used to try to calculate 
particle velocity, the water-borne particles would have to be travelling at speeds of 
3xl05 m s*1 in order to register the same degree of Doppler shift. Velocity of this order 
is not generally encountered in flows of engineering interest; commonly encountered 
aqueous flows fall in the velocity range of lxlO '4 to 10 m s"1. The corresponding 
Doppler shift o f a single laser beam would be between lx lO '10% and lx l0 ’5%, which 
would be virtually impossible to detect. However by combining two coherent laser 
beams within the zone of interest (the interaction volume), the sensitivity o f the LDV 
technique to low-velocity flow is enhanced to a degree whereby it can be used to 
measure flow velocities as low as 5x1 O'5 m s '1, giving the example o f the LDV 
equipment used for this work.
The use of a laser instead o f acoustic signal is preferable in the measurement of flows 
in air/water systems for two important reasons:
■ Vm is constant for laser radiation, irrespective o f the relative proportions of water 
and air in the transmission medium. This is not so for acoustic signals.
■ Laser light is inherently less intrusive to the flow within the tank than acoustic 
waves. The ADV technique requires the acoustic signal generator(s) to make 
physical contact with the transmission medium. The LDV technique requires only 
that the containing walls o f the flow system be transparent to laser light o f that 
frequency.
The LDV technique relies on two coherent beams of laser light, A and B say, 
produced from the same source and sent to a laser probe. An illustration o f the 
technique is shown in Figure 39.
The beams exit the laser probe at a precise distance from each other: the beam spacing 
(measured from centre-to-centre) referred to here as Lb. The beams intersect at the 
focal point, C, and the focal length, FD, is the length of the perpendicular from C to
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AB. The trajectory of each beam is engineered such that the perpendicular from C to 
AB perfectly bisects AB and is coplanar with AB, BC and AC, i.e. it lies along the 
central axis of the laser probe. In fact the beams are not one-dimensional and have a 
characteristic intensity profile across their diameter. We thus have the two beams 
meeting within an ellipsoidal interaction volume. The interference of the two beams 
causes diffraction fringes to be formed within the interaction volume. These 
diffraction fringes can be approximated to being perfectly equally spaced throughout 
the interaction volume as FD »  Lb.
As the water-borne particles pass through the diffraction fringes, they scatter the light 
in all directions. In order to measure the velocity of the particles, the scattered laser 
signal needs to be captured by a photo-multiplier, converting the light signal into an 
electrical one. A popular hardware configuration is to incorporate the photo-multiplier 
into the centre of the laser probe. This is known as the backscattering LDV 
configuration.
Tank Wall
Outside Tank Inside Tank
Interaction Volume
Measured Vel ocity 
Component
A B
Seeding Particle 
or Air Bubble
Diffraction
Fringes
CDFD=
Figure 39: Illustration of backscatter mode LDV (not to scale).
By applying a known frequency shift to one of the beams, using a component known 
as a Bragg cell, the diffraction fringes can be made to move in a direction 
perpendicular to the fringes themselves. This ensures that the signal analyser can 
differentiate between particles travelling with the same velocity but in opposite 
directions through the interaction volume. When particles move within the interaction 
volume, their velocity component perpendicular to the diffraction fringes will 
determine the rate at which they pass through the diffraction fringes. As they pass 
through them they give rise to a reflected signal, which is detected and amplified by a 
photo-multiplier. The resultant waveform electrical signal, known as a ‘Doppler 
burst’, can be analysed to yield the particle velocity.
Example: If the fringe spacing is 4.4296pm then the imposed velocity o f the
Bragg cell frequency shift can be read from a straight-line graph as shown below. The 
number of fringes that a given particle intersects with is dependent upon the relative 
velocities of the particle and fringe pattern, i.e. in order to ensure that each Doppler
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burst event corresponds to at least 20 fringe interactions, the fringe velocity should be 
no greater than l/20th of the particle velocity. The relationship between fringe 
velocity and Bragg cell frequency shift in our experiments is shown in Figure 40. The 
interaction volume in our case had a maximum diameter of 200pm or 45 fringe 
spacings.
0.05'
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<D>
a>o>c
-100
0.02 t
10000
Bragg Cell Frequency Shift (kHz)
Figure 40: For a fringe spacing of 4.4296|um, fringe velocity vs. frequency shift
Experiments to map the flow within the flotation zone were carried out using a twin 
beam-pair LDV apparatus manufactured by TSI and supplied by BIRAL. The twin 
pairs of beams allow simultaneous measurement of two velocity components that are 
normal to each other. The laser was an Argon ion device that provided useful power 
of between 15mW and 20mW per beam pair. The apparatus was designed to operate 
in backscatter mode, and the probe was supported by a motorised stage that allowed 
full three-dimensional movement. Photographs of the equipment used are shown in 
Figures 41-43.
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Figure 41: The SpectraPhysics laser at the heart of the BIRAL 2D LDV
apparatus
Figure 42: The motorised stage is shown holding the laser probe by the DAF  
tank. The air saturator column and water-cooler are also shown.
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Figure 43: This image shows the laser beams entering the DAF tank  during an
experiment.
M&LQfMdiMmLmQmffltim.Qf.UQzzleJlQWmonJJow■ in theJlotationmzon eexclu d ing , 
the. effect  ^ofm air.
An important step in fully characterising the behaviour of the DAF tank is to 
determine the effect of the nozzle flow on the flotation zone in the absence of 
dissolved air. If the nozzle flow was purely water, i.e. with no dissolved air, then this 
nozzle flow may yet have a significant impact on the flow patterns observed in the 
flotation zone. In other words, it is necessary to differentiate between any effects of 
straightforward momentum transfer from the nozzle flow and those caused by the 
complex action of the dissolved air within the flotation zone.
An experiment was carried out in which velocity measurements were made under the 
experimental conditions of DAF3a, using a coarse grid for measurements that spanned 
the whole width of the tank. Each x-y plane contained 63 measurement points (7 x- 
and 9 y- co-ordinates) as in Figure 44. Measurements were made within a total of 11 
planes throughout the width of the tank, making a total of 693 points. A similar 
experiment was carried out under the conditions of the DAF3d experiment, with the 
exception that only water, no air, was injected through the nozzle into the tank.
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Figure 44: Illustration of the coarse grid of measurement points (63 
measurement points) used in LDA measurement experiments.
Comparison of these two sets of results allows one to identify any changes in the flow 
pattern within the flotation zone that result solely from the additional momentum of 
the nozzle flow. The concept of fitting coefficient was applied (see page 134 or vol.2, 
Appendix V for an explanation of this term) and graphs of velocity as a function of z- 
position (through the width of the tank) were plotted. The value o f fitting coefficient 
from comparison of the two data sets was low (12.1% +/- 9.5%) in comparison with 
some of the values recorded from comparison of experimental and simulated results. 
To set this result in context, two nominally identical experiments were carried out 
(under experimental conditions DAF3c) and comparing their results yielded a fitting 
coefficient of 8.1% +/- 2.4%. The similarity between results with and without water 
flow (from the nozzle) was corroborated by graphs of velocity across the tank width. 
Significant differences in velocity were only noted at 6 points (out of a total o f 384). 
All these points were situated near the middle of the tank’s width and in the vicinity 
of the contact zone weir. It is not surprising that there would be an influence of 
additional flow from the nozzle in this part o f the flotation zone. However the main 
point to note is that the influence of the additional momentum from the nozzle flow is 
negligible on the flotation zone as a whole. To illustrate this further, two graphs of 
velocity are shown in Figures 45 and 46. The first shows results obtained from points 
near to the contact zone weir where deviations were observed. The second shows 
results from the centre of the tank showing the low deviation between the two 
experimental data sets that is typical of most points within the tank.
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Figure 45: Velocity profiles through the width of the tank  showing differences 
between DAF3a and DAF3d (no air). The coordinates of x and y were 25mm and
330mm respectively.
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Figure 46: Velocity profiles through the width of the tank  showing little 
difference between DAF3a and DAF3d (no air). The co-ordinates of x and y were
250mm and 172mm respectively.
The,.presence. and, effectsm. ofmmlateral.yelocitymm.gradients..(across. tank.M.dth^. orm. in .z- 
direction).
In many other models of DAF flow, the assumption is made that the flow can be 
approximated to 2D flow. It might seem reasonable to assume this for a DAF tank that
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has an identical profile across its width. However there is evidence in the literature o f 
stable 3D flow phenomena within flooded channels o f rectangular cross-section 
(Illegbusi and Spalding, 1989). To ascertain whether this was the case in our DAF 
tank, flow measurements were made within the flotation zone o f the DAF tank in the 
z-direction as well as the x- and y-(vertical) directions. Measurements o f the x- and z- 
components o f velocity were made for experimental condition DAF3c in the planes y 
= 50mm, y = 100mm and y = 150mm. The results are shown in Figures 47-49.
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Figure 47: Velocity profile in the plane y = 50mm from the base, DAF3c
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Figure 48: Velocity profile in the plane y = 100mm from the base, DAF3c
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Figure 49: Velocity profile in the plane y = 150mm from the base, DAF3c
One can see that the transverse flow, in the z-direction, can be significant in certain 
parts o f the DAF tank. Particularly noteworthy is the effect near the outlet side of the 
flotation zone (right-hand-side o f the Figures 47-49). Here it can be seen that there is 
a strong diverting flow field away from the centre o f the tank and towards the walls. 
Lateral movement was observed even though the inlet has been arranged to ensure 
uniform flow across the tank (in the case where only water was flowing through the 
tank). Similar lateral movements would be expected in the full-scale DAF tank.
the.width the tank
Experimental data on flow within the flotation zone was gathered for experimental 
conditions DAF3b and DAF3c where measurements were made within several x-y 
planes. This allowed an assessment to be made of the fitting coefficient between 
individual planes of experimental data and corresponding simulated data. The chosen 
planes were those at: z =18mm, z =50mm, z =71mm, z =100mm, z =125mm and z 
=150mm (the centre o f the tank). The total number of measurement points per plane 
was 63. Experimental data were compared with corresponding CFD simulation data. 
The main objective of this work was to determine whether there is a significantly 
varying degree of fit between experimental and simulated results as one moves across 
the width of the tank.
The results are shown in Table 9 below, along with the corresponding results of more 
detailed flow analyses within the single plane o f z = 50mm (384 points per plane). 
The coarse grid o f 63 points is illustrated in Figure 44 while the refined grid of 384 
points is illustrated in Figure 50.
The results show that there is a variation in the degree o f fit between experimental and 
simulated data as one considers different planes across the width of the tank. However 
the difference could be accounted for by the natural variation in data in the case of 
DAF3b. This hypothesis is less tenable in the case o f DAF3c unless one disregards the 
result at z = 71mm where the degree o f fit was atypically poor. It is also interesting to 
note the improvement in the degree o f fit as one uses a more populous data set to 
perform the analysis.
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Data
points
z-
location
Fitting
coefficient
(%)
DAF3b -  single plane 384 50mm 15.0+/- 6.6
DAF3b -  multiple planes
63 18mm 23.8+/- 10.6
63 50mm 23.7+/- 10.6
63 71mm 19.4+/- 9.1
63 100mm 21.0+/- 10.4
63 125mm 22.7 +/- 7.8
63 150mm 25.9 +/- 7.7
Average of multiple planes experiments: 22.8 +/- 9.4
DAF3c -  single plane 384 50mm 16.8+/- 6.8
DAF3c -  multiple planes
63 18mm 19.0+/- 8.4
63 50mm 22.1 +/- 6.4
63 71mm 30.3 +/- 8.8
63 100mm 18.3 +/- 8.4
63 125mm 17.7+/- 10.4
63 150mm 16.2+/- 10.7
Average of multiple planes experiments: 20.6 +/- 8.9
Table 9: Fitting coefficient between experimental and simulated data for 
multiple planes across the tank width
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Figure 50: Illustration of the refined grid (384 measurement points) used in LDA 
measurement experiments
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Time-variance. onflowm-  implications,ofjemppral,effects on,the, assumptionof steady- 
state flow
In order to test the assumption of steady-state flow, experiments were carried out to 
answer the following questions:
■ Was there evidence o f multiple steady states within the DAF tank?
■ Over what time period should measurements be taken in order to obtain average 
values of flow velocity that were effectively independent of the experimental 
starting time?
In order to provide answers to both these questions, a series o f experiments were 
carried out at a range of points within the tank. The experimental conditions were 
those of DAF3c in Table 8. At each point, data were gathered o f both u- and v- 
components of velocity every 6ms for a period of 1 hour. It was assumed that if  more 
than one steady state flow regime existed within the tank, it would manifest itself 
within this timescale. In order to assess whether multiple steady states did indeed 
exist, an analysis o f the velocity data was performed. This involved averaging the 
velocity data within consecutive windows of time, whose duration ranged from 0.01 
mins to 5 mins, and then determining the statistical variation within the set of 
averaged values. The results o f the analyses are shown in Table 10.
Figure 48 illustrates the ‘windowed’average value as a function o f time for the range 
of time windows given in Table 10. It can be observed that if  data samples are 
collected at a time interval o f 0.006s and at least 1 minute’s worth of data are 
collected (10,000 data points), then any temporal fluctuations are smoothed out to 
below 15%. This ensures that critical evaluation of the degree of fitting between 
experimental and simulated results can be performed without temporal fluctuations 
affecting the results.
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Point co-ordinates 
(m)
Velocity
component
Variance (%) of averaged values within time 
window of x minutes within a total analysis time of 
60 minutes.
X Y x = 0.01 x = 0.1 x = 0.5 x =  1.0 x = 5.0
0.455 0.330 U 32.3% 22.6% 14.9% 8.0% 6.7%
0.455 0.330 V 47.8% 29.6% 14.4% 3.8% 3.3%
0.415 0.290 u 76.1% 55.2% 34.0% 14.1% 7.9%
0.415 0.290 V 114.1% 70.3% 23.0% 10.6% 6.7%
0.375 0.250 u 117.5% 80.2% 24.1% 8.8% 3.2%
0.375 0.250 V 111.3% 73.0% 27.5% 8.4% 4.1%
0.295 0.170 u 139.2% 87.6% 22.2% 11.9% 5.1%
0.295 0.170 V 219.8% 118.2% 35.5% 16.6% 6.8%
0.215 0.130 u 117.6% 90.8% 32.9% 11.1% 3.5%
0.215 0.130 V 150.7% 97.0% 38.7% 10.9% 6.1%
0.135 0.050 u 148.4% 99.0% 27.6% 14.1% 5.0%
0.135 0.050 V 183.7% 73.0% 20.4% 13.2% 6.7%
Table 10: Velocity data averaged over a range of time windows: the effect of this 
on the statistical spread of data
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Figure 51: Illustration of the evolution of the ‘windowed’ average (for the case of 
u-velocity at point x = 0.415, y = 0.290
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Effects of changes in recycle ratio and contact zone height (CZH) on flow within the 
flotation zone
The temperature o f the water was kept at 21°C throughout by means o f a water cooler 
within the reservoir serving the DAF tank. As in previous experiments, only the 
central nozzle was active for these experiments and the air-saturated water that issued 
from it had an air content o f 10.0% v/v.
The LDV apparatus was set up in such a way as to accept velocity data as and when it 
was detected, noting the clock time o f the PC as it did so. This configuration is known 
as ‘random time-stamp’. A grid o f 384 points was used as the basis for measurements, 
as used in previous experiments, where the grid spacing was 20mm. The plane of 
measurements was at z = 50mm into the tank.
The DAF tank and the small reservoir o f water below it formed an essentially closed 
circuit, i.e. no fresh water was added nor taken away from the system during an 
individual experiment. In-between each o f the experiments the tank was drained, 
wiped clean and fresh water was added. Tap water was used for these experiments. 
The silvered glass beads, used in previous experiments, were again used as seeding 
particles. These were added until a consistent data acquisition rate o f 1 kHz could be 
obtained under pre-determined equipment configuration settings and in the absence of 
air. Once the air was admitted to the tank, a period o f time was taken to ensure that 
the flow of air-saturated water into the tank was at the desired rate and that this rate 
was stable for a period o f at least 10 minutes or three inter-fill periods o f the saturator 
vessel, whichever was the longer period. The photo-multiplier voltage was set at each 
measurement point to give a data acquisition rate that fell within the range 50-150Hz. 
As 10,000 individual data points were taken from each location within the grid, this 
gave a measurement period at each data point of between 67 and 200s.
The results of the experiments are shown below in Figures 52-74 while tabulated 
results are shown in Appendix I of this volume. The features of note from these 
results are as follows:
• Even when the recycle ratio is low and therefore the quantity of air is small and 
relatively well dispersed, the effect on the flow hydrodynamics in the flotation 
zone is significant. One notices the almost complete absence o f re-circulation 
currents even when the recycle ratio is as low as 0.6%.
• As the recycle ratio increases, it is observed that:
o for the DAF3 series o f experiments (SLR = 13.6m hr"1), the flow path
splits into two distinguishable sub-paths (referred to herein as ‘divided flow’). 
This is the case even at 0.6% recycle ratio. As recycle ratio increases, the point at 
which the paths split moves closer to the contact zone weir, and the paths seem to 
converge. This is true up to a 6.7% recycle ratio, where the paths become one 
again in a strong downward current with a developed but small re-circulation 
current in the upper, far comer of the tank, 
o for the DAF2 series o f experiments (SLR = 8m hr"1), the behaviour is
similar to the above at low recycle ratios. Then as the recycle ratio climbs to 3.5%, 
the flow pattern moves from a strongly divided flow to a dispersed divided flow. 
Then at 6.7%, the flow becomes what is referred to hereafter as ‘stratified flow’. 
There are two 'layers' o f flow in the positive x direction, one at the surface and one 
at the floor of the tank. In-between them is a layer where the flow direction is in
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the negative x direction. This gives the longest residence time in the tank and is 
desirable for optimum mixing, 
o for the DAF1 series o f experiments (SLR = 4m hr'1), the stratified flow
regime is attained even at low recycle ratios (both at 0.6% and 1.2% recycle ratio). 
However as the recycle ratio climbs above this, a certain degree o f short-circuiting 
between the strata was observed. This would tend to reduce the mean residence 
time within the tank and is to be avoided.
•  In all cases, increasing the contact zone weir height (CZH) had a beneficial effect 
o f reducing the gradient o f flow entering the flotation zone. Increasing the CZH 
did not have the effect o f encouraging either strong downward currents or strongly 
divided flow patterns.
The ideal type o f flow pattern within the flotation zone o f the DAF tank is one where 
the following criteria are met:
■ Strong, localised downward currents are avoided, particularly where they originate 
close to the entry to the flotation zone.
■ Air is not drawn out o f the tank via the outlet o f the DAF tank via the outlet of the 
DAF tank (to avoid the potential damage by cavitation to downstream pumps)
Examples o f suitable flow patterns are those shown in Figures 60,61 and 64 for 
example. Flow is fairly evenly distributed in these cases. Even in the case o f Figure 
64, where the higher value o f SLR promotes downward currents, these currents are 
relatively weak. However Figures 65 and 66 provide good examples o f the flow 
patterns that are to be avoided, where strong downward currents originate near the 
contact zone weir. Such currents are ideally placed to drag particles (and even 
particle-bubble agglomerates) down into the lower parts o f the flotation zone from 
whence they can be inexorably drawn to the outlet o f the tank.
A statistical measure for likely suitability, based on local velocity magnitude and 
direction, could be used. However another useful technique might be to use a 
Lagrangian particle-tracking CFD simulation using the experimental data as the 
‘steady-state’ solution for the carrier fluid.
119
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Period: 1/4/02 -1 /10 /02
350
 ^  "— ->— ->■
300
250
200
N .
150
100
50
300 400 500100 2000
Figure 52: Flow in plane z=50mm, experiment D A Fla, main flow rate  = 101pm, 
recycle ratio = 0.0%, contact zone height = 50mm
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Figure 53: Flow in plane z=50mm, experiment DAFlb, main flow rate = 101pm,
recycle ratio = 0.6%, contact zone height = 50mm
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Figure 54: Flow in plane z=50mm, experiment DAFlc, main flow rate  = 101pm, 
recycle ratio = 1.2%, contact zone height = 50mm
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Figure 55: Flow in plane z=50mm, experiment DAFld, main flow rate = 101pm,
recycle ratio = 3.5%, contact zone height = 50mm
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Figure 56: Flow in plane z=50mm, experiment D A Fle, main flow rate = 101pm, 
recycle ratio = 6.7% , contact zone height = 50mm
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Figure 57: Flow in plane z=50mm, experiment DAF2a, main flow rate = 201pm,
recycle ratio = 0.0%, contact zone height = 50mm
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Figure 58: Flow in plane z=50mm, experiment DAF2b, main flow rate  = 201pm, 
recycle ratio = 0.6% , contact zone height = 50mm
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Figure 59: Flow in plane z=50mm, experiment DAF2c, main flow rate = 201pm,
recycle ratio = 1.2%, contact zone height = 50mm
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Figure 60: Flow in plane z=50mm, experiment DAF2d, main flow rate = 201pm, 
recycle ratio = 3.5%, contact zone height = 50mm
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Figure 61: Flow in plane z=50mm, experiment DAF2e, main flow rate = 201pm,
recycle ratio = 6.7%, contact zone height = 50mm
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Figure 62: Flow in plane z=50mm, experim ent DAF3a, main flow rate = 351pm, 
recycle ratio = 0.0% , contact zone height = 50mm
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Figure 63: Flow in plane z=50mm, experiment DAF3b, main flow rate = 351pm,
recycle ratio = 0.6%, contact zone height = 50mm
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Figure 64: Flow in plane z=50mm, experiment DAF3c, main flow rate = 351pm, 
recycle ratio = 1.2%, contact zone height = 50mm
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Figure 65: Flow in plane z=50mm, experiment DAF3d, main flow rate = 351pm,
recycle ratio = 3.5%, contact zone height = 50mm
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Figure 66: Flow in plane z=50mm, experiment DAF3e, main flow rate = 351pm, 
recycle ratio = 6.7%, contact zone height = 50mm
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Figure 67: Flow in plane z=50mm, experiment DAF4a, main flow rate = 201pm,
recycle ratio = 0.0%, contact zone height = 100mm
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Figure 68: Flow in plane z=50mm, experiment DAF4c, main flow rate = 201pm, 
recycle ratio = 1.2%, contact zone height = 100mm
350
250
200
150
100
50
400100 200 300 5000
Figure 69: Flow in plane z=50mm, experiment DAF4d, main flow rate = 201pm,
recycle ratio = 3.5%, contact zone height = 100mm
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Figure 70: Flow in plane z=50mm, experiment DAF4e, main flow rate  = 201pm, 
recycle ratio = 6.7%, contact zone height = 100mm
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Figure 71: Flow in plane z=50mm, experiment DAF5a, main flow rate = 201pm,
recycle ratio = 0.0%, contact zone height = 25mm
129
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Period: 1/4/02 -1 /10 /02
350
'>--
300
250
200
150
100
50
400 500300100 2000
6'2E~ °°2
Figure 72: Flow in plane z=50mm, experiment DAF5c, main flow rate  = 201pm, 
recycle ratio = 1.2%, contact zone height = 25mm
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Figure 73: Flow in plane z=50mm, experiment DAF5d, main flow rate = 201pm,
recycle ratio = 3.5%, contact zone height = 25mm
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Figure 74: Flow in plane z=50mm, experiment DAF5e, main flow rate = 201pm, 
recycle ratio = 6.7%, contact zone height = 25mm
Modelling the DAF process
The numerical modelling o f DAF has already been covered in some depth within the 
dissertation document (Progress Report #4). This section of the portfolio sets out to 
address the questions posed within that document. It also aims to clarify any finer 
details of the modelling method that are not already adequately covered and to draw 
conclusions from them.
Single-phase modelling
Simulations were developed in the first instance with single-phase (water only) flow. 
This preliminary part of the study aimed to investigate the available options for 
viscosity/turbulence modelling and wall boundary conditions. Another objective of 
this work was to check the general quality of model convergence and choose 
appropriate numerical solution parameters. Experimental arrangements DAF la, 
DAF2a, DAF3a, DAF4a and DAF5a of Table 8 were simulated within a grid 
generated using GAMBIT vl.3 software. As the DAF tank is essentially orthogonal, a 
largely hexagonal (cuboid) mesh could be accommodated within the boundaries o f the 
model. A mesh of sub-hexagonal (rhomboid) type was used to section the zone 
around the water/air inlet nozzle. In terms of numerical stability, hexagonal and sub- 
hexagonal mesh types are generally the best to use, being more amenable to solution 
convergence. Two meshed grids were conceived within the same model boundary, 
differing only in the total number of computational cells. The coarse grid contained c. 
29000 cells while the fine grid was made up of c. 94000 cells. If it was found that the
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solutions of the numerical models were essentially the same for either grid (grid 
independence) then this would suggest that savings in computational time could be 
made by using the coarser grid without incurring penalties in solution accuracy. The 
grids are shown in side profile (x-y view) and plan profile (x-z view) in Figures 75- 
78, and the outline o f the model boundary is shown in Figure 79.
Figure 75: Side profile of coarse grid
Figure 76: Plan profile of coarse grid
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Figure 77: Side profile of fine grid
Figure 78: Plan profile of fine grid
Figure 79: DAF model boundary, showing the inlet flow dispersion structure, 
baffle arrangement, water/air inlet nozzles and outlet weir. The space above the 
actual surface water level in the flotation zone is set aside for modelling the 
specific boundary conditions for air release.
The grid was then imported into the CFD software package FLUENT v4.56 for the 
construction of the single-phase numerical models. The treatment options for 
viscosity/turbulence were:
a) the laminar flow model for viscous transport,
b) the k-£ turbulence model or
c) the Reynolds stress model (RSM) for turbulent transport.
Solid walls were simulated using a two-layer zonal approach as opposed to a wall
function. The reason for this was that the typical range of Reynolds’ number 
throughout this work was quite low (from 800 to 2,500) and the wall function models 
are less accurate under such conditions (FLUENT, 1996). An additional question is
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whether a slip wall (frictionless) at the upper surface, as opposed to a frictional wall, 
makes a significant difference to the general flow hydrodynamics. Defining the upper 
surface as a frictionless wall assumes that there is no resistance to the flow of water at 
the interface between the water and what lies above. If we neglect surface tension 
effects and assume that there is no sludge layer in our experiments, then the 
experimental conditions approximate to this. Defining the upper surface as a frictional 
wall assumes that there is an immobile solid surface in contact with the water at the 
upper surface. If we assume that a complete sludge layer exists at the surface that does 
not move with the flow o f water within the tank then the experimental conditions 
approximate to this. In a fully operational DAF tank, not only would the tank contain 
water and air, but also the particles that the DAF process is designed to remove. These 
particles would be floated by their interaction with air bubbles to form a surface froth. 
The water used in these experiments was drinking water from a regular mains supply, 
and was relatively free o f particles. However a certain amount o f large particles 
(comprising o f clusters o f airborne dust and seeding particles) tend to accumulate 
within the tank. It was important to keep experimental conditions as consistent as 
possible. To that end, the tank was allowed to fill with micro-bubbles o f air before 
each experimental session. This brought about the flotation of virtually all the larger 
particles to the surface where they could be removed. In other words, the DAF tank 
was being operated in the absence o f material that would normally form a froth layer. 
However it was noted that even when such material was present at the surface of the 
tank, its movement was limited. This suggested that velocity o f flow directly at the 
open surface o f the tank was very low. Perhaps the water there is restrained from 
flowing quickly by a combination o f surface tension effects and the inertia o f frothy 
material already at the surface. In any case, this observed behaviour tends to justify 
the selection of a friction wall boundary condition for the water phase at the upper 
surface o f the DAF tank. Even when the tank was clean however, it is likely that the 
behaviour of the upper tank surface is somewhere between the two extremes o f 
frictionless and completely frictional. Simulations were thus carried out under both 
conditions to assess whether one assumption or the other gave rise to results that were 
closer to the experimental values. In all cases the y-velocity at the upper surface is set 
at zero.
A convergence criterion was set that the sum of average residuals for all the solved 
variables should total lx l  O'3 for a fully converged solution. The solved variables were 
x-, y- and z-components of velocity and pressure in the case of the laminar model. 
Additional turbulence terms were solved in the case o f the k-e model (turbulence 
kinetic energy generation per unit mass, k and turbulent energy dissipation rate, e) and 
in the case o f the Reynolds stress model or RSM (six individual Reynolds stress terms 
are solved). The inlet velocity to the model was set to the correct value by making a 
first estimate, based on the required volumetric flow rate and the area of the inlet. It 
was then found that slight adjustment o f this was necessary for each model in order to 
ensure that the total outlet flux was exactly the required quantity. This slight 
adjustment is likely to be due to small momentum losses within the tank caused by 
turbulence. While only small (less than 1%) this is accounted for by slight adjustment 
o f the inlet velocity, ensuring that all the results are normalised with respect to the 
outlet flux.
Results
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The results of the single-phase simulations in the plane z = 50mm, using the fine grid, 
are shown in Figures 80-99. Results obtained using the coarse grid are not shown, as 
the differences between them and the fme-grid results are not obvious under visual 
inspection, but become clear as a result of data analysis. Data were taken from the 
simulated fields and a process of interpolation was used in order to overlay the 
experimental and simulated data on a common grid. The method used to gauge the 
correlation of the two sets of data, via a ‘fitting coefficient’ term, is described in an 
attached paper (Hague et al., 2002), a copy of which is to be found in vol. 2, 
Appendix V. The values of fitting coefficient are shown in Table 11.
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Figure 80: Simulated velocity data D A Fla, laminar model, friction wall
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Figure 81: Simulated velocity data D A Fla, k-e model, friction wall
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Figure 82: Simulated velocity data DAFla, k-e model, slip wall
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Figure 83: Simulated velocity data D A Fla, Reynolds stress model (RSM),
friction wall
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Figure 84: Simulated velocity data DAF2a, lam inar model, friction wall
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Figure 85: Simulated velocity data DAF2a, k-e model, friction wall
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Figure 86: Simulated velocity data DAF2a, k-e model, slip wall
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Figure 87 -  Simulated velocity data DAF2a, Reynolds stress model (RSM),
friction wall
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Figure 88: Simulated velocity data DAF3a, laminar model, friction wall
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Figure 89: Simulated velocity data DAF3a, k-e model, friction wall
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Figure 90: Simulated velocity data DAF3a, k-e model, slip wall
140
Degree o f Engineering Doctorate (EngD) in Environmental Technology Period: 1/4/02 -1 /1 0 /0 2
1.50 E-Ol 
1.45 E-01 
1.40 E-01 
1.34E-01 
1.29 E-01 
1.24E-01 
1.19 E-01 
1.14E-01
1.09 E-01
1.09 E-01 
9.99 E-02 
9.91 E-02 
2.79 E-02 
2.22 E-02 
7.76 E-02 
7.24E-02 
6.72 E-02 
6.21 E-02 
5.69 E-02
5.17 E-02 
466 E-02 
414E-02 
9.62 E-02
3.10 E-02 
2.59 E-02 
2.07 E-02 
1.55 E-02 
1.09 E-02
5.17 E-09 
0.00 E*O0
4 / /A rt r ;
i / 
i i 
i i 
1 1
7  T 
: :
> J  i
t n \ \ \
t \ \ V L
L Velocity Vectors (M/S)
Lmax = 1.500E—01 Lmin = G.Q00E+0Q
Jul 30 2002 
Fluent 4.56 
Fluent Inc.
Figure 91: Simulated velocity data DAF3a, Reynolds stress model (RSM),
friction wall
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Figure 92: Simulated velocity data DAF4a, laminar model, friction wall
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Figure 93: Simulated velocity data DAF4a, k-e model, friction wall
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Figure 94: Simulated velocity data DAF4a, k-e model, slip wall
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Figure 95: Simulated velocity data DAF4a, Reynolds stress model (RSM),
friction wall
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Figure 96: Simulated velocity data DAF5a, laminar model, friction wall
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Figure 97: Simulated velocity data DAF5a, k-e model, friction wall
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Figure 98: Simulated velocity data DAF5a, k-e model, slip wall
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Figure 99: Simulated velocity data DAF5a, Reynolds stress model (RSM),
friction wall
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Discussion and Conclusions
The results reveal that both the mean and maximum velocity values are considerably 
higher in the case of the fine-grid simulations than in the experiments, even though 
the total mass flux passing through the DAF tank is the same for both. This tends to 
suggest a more rapid re-circulation within the fine-grid simulated flotation zone than 
is observed in the real tank. Analysis of the data shows this to be the case, as 
illustrated in Figures 100-104. Another contribution to this phenomenon might have 
been due to a difference, between the experimental situation and the simulation, in the 
way that flow is dispersed across the width of the tank. However the experimental 
results on pages 110-112 show that flow is reasonably evenly distributed across the 
width of the tank. Similar analysis of the simulated data shows a similar trend (Figure 
105). However it is worth noting that there is more of a deviation in the distribution of 
flux in the laminar flow simulations than in those where turbulence has been 
modelled. Also this deviation seems to increase in magnitude as the flow rate through 
the tank is increased.
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Figure 100: Profiles of x-component of velocity along the loci of points described 
by x = 250mm (passing through the centre of the flotation zone. Experimental 
and simulated results for conditions of DAFla.
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Figure 101: As per Figure 3.21 but for conditions of DAF2a.
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Figure 102: As per Figure 3.21 but for conditions of DAF3a.
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Figure 103: As per Figure 3.21 bu t for conditions of DAF4a.
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Figure 104: As per Figure 3.21 but for conditions of DAF5a.
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In general we can see that the degree of fit between experimental and simulated 
results increases as we move from laminar flow model to k-e model to RSM. This is 
in line with previously reported results (Hague et al., 2001). The laminar flow model 
did not succeed in meeting the same convergence criterion as the other models when a 
fine grid was used, and when a coarse grid was used the laminar model successfully 
converged only when high velocity gradients were not present in the tank. Also the 
laminar flow simulations display much stronger flow gradients, with respect to the 
position along the tank width, than all of the k-£ model, RSM results or experimental 
data.
The velocity values in the coarse-grid simulations are similar to the experimental 
values, and the coarse grid actually produced results that appeared to fit better with 
those obtained by experiment. However this was not always the case, as the results 
from the DAF3a simulations show. Also the apparent improvement in fitting 
coefficient could be due to points of poor fitting being missing from the coarse grid 
analysis that are present in the fine grid. This could also explain the difference, in 
terms of both the mean and maximum velocity values recorded, between simulated 
data using a fine grid and a coarse grid. It was therefore decided in the interests of 
caution to use the fine grid for the two-phase experiments.
There is no significant change in flow behaviour as the upper surface frictional 
characteristics are changed from slip behaviour to friction wall behaviour. The RSM 
simulations yield the best fit to experimental data, suggesting that the assumption 
made by the k-£ model - of isotropic turbulent dissipation at all points within the tank 
-  may be a limiting factor to the accuracy of DAF simulation. Unfortunately, the
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RSM model is not available to multiphase modelling within the FLUENT software 
package, so no comparisons could be made in the two-phase situation. The decision 
was made to develop the two-phase model using the k-e treatment o f turbulence and 
assuming a frictional wall at the upper surface with respect to the water phase.
Two-phase modelling
A number of different numerical models were available for the simulation o f flow in 
the DAF process. A critique o f these is given in the Progress Report #4, and the most 
applicable model was deemed to be the Eulerian two-fluid model.
The upper surface o f the tank is open to the atmosphere and provides the main route 
by which air escapes from the DAF tank. In addition, the upper surface needs to 
provide a barrier to the exit o f the water phase. If the upper surface is defined as an 
outlet boundary, where the gradient o f all properties through the thickness of the 
surface are set to zero, then it became necessary to fix the vertical component of water 
velocity to zero just below the surface. However this caused localised instability in the 
momentum solution algorithm close to the surface. Another method was to assign the 
upper surface as a mass flux inlet, where the velocity values o f both phases, normal to 
the upper surface, are defined. This method allowed convergent solutions to be 
derived, although with the disadvantage that the surface map o f air-escape velocity 
had to be imposed rather than derived. The bubble size is stipulated in the Eulerian 
two-fluid model, even though the model assumes inter-penetrating fluids. This allows 
the simulation o f inter-phase slip and the associated momentum transfer that this gives 
rise to. The bubble size was set to 50pm for these experiments, being the bubble size 
that was measured during earlier experiments.
Using FLUENT v4.56, the options for setting the air-escape velocity across the 
surface of the flotation zone are limited. The air-escape velocity can only be defined 
as a linear or simple polynomial function. In the first analysis, it was decided that a 
fixed rate o f air release would be imposed at all points along the surface o f the tank. 
This is in keeping with the concept o f a surface sludge layer where the rate o f air 
release is fairly independent o f the air velocity profile at the sludge/water interface, 
being influenced principally by sludge layer characteristics such as particle size, 
particle concentration, surface tension o f the aqueous phase, sludge layer thickness 
and volume fraction o f air. A range of values for air escape velocity were applied to 
the experimental condition DAF3e. The values o f air escape velocity were defined as 
multiples of the air escape velocity that would result in a matching flux o f air at the 
inlet and outlet. The multiplication coefficient, k, was assigned a range o f values from 
0.1 to 25,000. The relationship between k and the boundary condition variables is 
shown below, where Ui is the air velocity at the nozzle inlet, Uo is the specified air 
velocity at the upper surface o f the tank, Ai is the area through which the inlet flow 
from the nozzle enters the tank and Ao is the area o f the upper surface o f the tank 
through which air must escape.
U 0 =ku; where U„ = (46)
A 0
The volume fraction o f air at the upper surface is set to a value of 1.0, assuming that 
just beyond the upper boundary layer is entirely composed o f air.
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Several results from this set of experiments are shown in Figures 106 -  109, within 
the plane defined by z = 50mm. The magnitude of velocity is shown as a function of 
colour in these figures, vector length is fixed throughout. Figure 106 shows the result 
when the air escape velocity is set to exactly match the flux of air at outlet and inlet (k 
= 1). The behaviour of the air phase at the upper surface is found to be unstable for k 
<= 1, and this is reflected in the velocity of the water phase just beneath the boundary 
layer. As k is increased to 100, the velocity profile just below the upper surface 
becomes more stable (Figure 107), but a strong downward current forms just inside 
the flotation zone next to the contact zone weir. This appears to be as a result of the 
re-circulation current, normally bounded by the strong flow parallel to the surface and 
the contact zone weir, breaking through the surface flow to meet the upper surface 
itself. The degree of fit between experimental and simulated results is at a minimum at 
this k value. As k is increased further to 1000 and then 5000 (Figure 108), this has a 
stabilising effect on both the surface flow and the re-circulation current mentioned 
above. As k is increased yet further, subtle changes occur in the flow field that give 
rise to a small but significant reduction in the degree o f fit between experimental and 
simulated results (Figure 109). However on the whole, it seems ‘safest’ to set the air 
escape velocity higher rather than lower. The most satisfactory result was obtained for 
the case of k = 5000. The simplifying assumption was thus made that a value of k = 
5000 would also provide the most stable solution for the DAF simulation conditions 
other than DAF3e. The full set of simulations, as per Table 8, was carried out on this 
basis.
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Figure 107: Flow pattern  taken from simulation of DAF3e, k = 100
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Figure 108: Flow pattern taken from simulation of DAF3e, k = 5000
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Figure 109: Flow pattern taken from simulation of DAF3e, k = 25000
The variation in fitting coefficient as a function of flux ratio, k, is shown in Figure 
110. The full suite of simulations was carried out using k = 5000. The velocity of the 
water phase normal to the upper surface was defined as zero in all cases.
0.01 0.1 1 10 100 1000 10000 100000 
Ratio of air escape flux I inlet flux of air at
Figure 110: Fitting coefficient between experimental and simulated results of 
DAF3e as a function of the flux coefficient, k.
An imposed value of k that is greater than 1 is physically untenable, because this 
would imply that more air leaves the system than enters it, thus violating the principle
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of conservation o f mass. However the imposition of values considerably higher than 1 
seems not only to cause no significant detriment to the overall solution convergence, 
but also to increase the degree o f fit. A more detailed analysis sheds some light on this 
behaviour. If we calculate the flux o f air release from the layer o f computational cells 
adjacent to the upper surface, using a range of k values, we see how this varies as a 
result of changes in k. This is shown in Table 12 below.
Although there is a significant deviation from the conditions for the continuity of 
mass across the upper surface boundary itself, it can be seen that the effect is much 
reduced (for k > 1) as one moves away from the upper surface boundary. Strangely 
when k <= 1, the simulated efflux o f air from the layer adjacent to the boundary layer 
is many times higher than that imposed by the boundary layer itself. As the number of 
cells in these two upper layers is small compared with the total number o f cells in the 
domain, there is no significant change to the averaged residuals o f either the
continuity o f mass or the equations for the conservation o f air momentum.
Ratio o f imposed air efflux (at upper 
surface boundary layer) to the air 
injection rate, k
Ratio o f air efflux (from layer adjacent to 
boundary layer) to the air injection rate
0.1 55.4
1 23.8
10 6.2
100 7.0
5000 5.5
25000 8.4
Table 12 : As the value of parameter k changes, the flux of air through the
adjacent layer is seen to vary
However increasing the value o f k to 5000 seems to lead to a greater degree o f fit 
between experimental and simulated results. The reason for this strange solution 
behaviour is unknown and would be worthy of further investigation. Relevant extracts 
from the FLUENT v4.5 manual are included in Appendix II.
The later version o f FLUENT, v6.0, allows more flexibility in setting the surface 
profile o f air velocity. A number o f simulations were repeated, using the same fine 
grid as in the previous set, with the exception that the profiles o f both surface air 
velocity and volume fraction is derived from the downstream profile. In other words, 
the profiles o f surface air velocity and volume fraction are calculated within a plane 
that lies parallel to the upper surface and a short distance (0.01m) below it. These 
values are then applied to the upper surface boundary layer, in effect ensuring that 
there is a zero-gradient, in terms o f the components o f air velocity and air volume 
fraction, across the upper surface boundary layer. As the model converges towards its 
final solution, the upper surface profile is renewed every 50 iterations. Simulations 
were carried out for DAF3b-d, allowing a comparison to be made between FLUENT
4.56 simulations, where the boundary conditions are the same over the whole upper 
surface, and FLUENT 6.0 simulations where the surface boundary profile is 
‘adaptive’, adapting to the conditions just below it within the flotation zone.
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Results
The resultant velocity profiles of the simulations, for each of the experimental 
conditions and within the plane defined by z = 50mm, are shown in Figures 111 -  128 
for FLUENT v 4.56 and in Figures 129 -  132 for the FLUENT v 6.0 adaptive model. 
Figures 133-136 show the contours of air volume fraction predicted for the cases of 
DAF3b and DAF3e, within the planes defined by z = 50mm and z = 150mm. The 
corresponding fitting coefficients, for both velocity and air volume fraction, of the v
4.56 simulations are reported in a separate paper that has been submitted for 
publication (Hague et al., 2002). A comparison of the FLUENT v 4.56 and v 6.0 
simulations with the DAF3 experiments is shown in Table 13.
The most interesting result of this part of the work is the significant and sudden 
change in behaviour as the recycle ratio is increased from 3.5% to 6.7%. At recycle 
ratios less than or equal to 3.5% the flow pattern shows a moderate degree of 
momentum dispersion and a fairly direct path from the contact zone weir to the outlet 
o f the tank (Figures 129-131). However as the recycle ratio is increased to 6.7% 
(Figure 132), the flow pattern changes fundamentally to one where the principal flow 
path runs vertically down the contact zone weir and across the floor of the DAF tank. 
The flow behaviour suggests that the conditions in the upper part of the flotation zone 
present a barrier to significant flow within that region, hence the diversion of the flow 
downwards. It is probable that this behaviour is forced by the large difference in the 
simulated air volume fraction at the top and bottom of the flotation zone. Further 
work should aim to investigate this effect and determine the conditions that trigger the 
change in behaviour. If future authors succeed in ‘flattening out’ the profile of 
simulated air volume fraction (approaching the experimentally-determined situation), 
then it would be interesting to observe whether this same change in behaviour 
manifests itself.
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Figure 111: Simulation of experiment DAFlb, water velocity, plane z = 50mm
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Figure 112: Simulation of experiment DAFlc, water velocity, plane z =  50mm
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Figure 113: Simulation of experiment DAFld, water velocity, plane z = 50mm
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Figure 114: Simulation of experiment DAFle, water velocity, plane z = 50mm
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Figure 115: Simulation of experiment DAF2b, water velocity, plane z = 50mm
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Figure 116: Simulation of experiment DAF2c, water velocity, plane z = 50mm
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Figure 117: Simulation of experiment DAF2d, water velocity, plane z = 50mm
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Figure 118: Simulation of experiment DAF2e, water velocity, plane z = 50mm
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Figure 119: Simulation of experiment DAF3b, water velocity, plane z = 50mm
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Figure 120: Simulation of experiment DAF3c, water velocity, plane z = 50mm
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Figure 121: Simulation of experiment DAF3d, water velocity, plane z = 50mm
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Figure 122: Simulation of experiment DAF3e, water velocity, plane z = 50mm
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Figure 123: Simulation of experiment DAF4c, water velocity, plane z = 50mm
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Figure 124: Simulation of experiment DAF4d, water velocity, plane z =  50mm
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Figure 125: Simulation of experiment DAF4e, water velocity, plane z = 50mm
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Figure 126: Simulation of experiment DAF5c, water velocity, plane z = 50mm
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Figure 127: Simulation of experiment DAF5d, water velocity, plane z = 50mm
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Figure 128: Simulation of experiment DAF5e, water velocity, plane z = 50mm
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Figure 129: Simulation of DAF3b, FLUENT v 6.0 with adaptive air release.
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Figure 130: Simulation of DAF3c, FLUENT v 6.0 with adaptive air release.
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Figure 131: Simulation of DAF3d, FLUENT v 6.0 with adaptive air release.
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FLUENT 6.0 (3d, dp, segregated, eulerian, ske)
Figure 132: Simulation of DAF3e, FLUENT v6.0 with adaptive air release.
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Figure 133: Contours of air volume fraction, simulation of DAF3b, z = 50mm
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Figure 134: Contours of air volume fraction, simulation of DAF3b, z = 150mm
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Figure 135: Contours of air volume fraction, simulation of DAF3e, z = 50mm
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Figure 136: Contours of air volume fraction, simulation of DAF3e, z = 150mm
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DISCUSSION AND CONCLUSION S
A non-intrusive flow measurement technique, LDV, was used to create a database of 
flow behaviour in the flotation zone o f the DAF tank. Further work in establishing 
flow phenomena within this important part o f the DAF tank should use such non- 
intrusive techniques, as they offer a high level o f accuracy without the issue of  
disturbance to the flow. Any future work would benefit from including experiments to 
confirm the flow behaviour near to the surface o f the flotation zone with and without a 
‘sludge’ layer. This would benefit future attempts at flow simulation by specifying the 
correct boundary conditions (frictional vs. frictionless) at the upper surface o f the 
tank.
Using a simple assumption o f uniform air release at the upper surface, simulations of 
flow behaviour within the flotation zone o f an experimental DAF tank have been 
carried out. The choice o f k-e turbulence model was based on single-phase results 
where the degree o f fit was superior to the laminar flow model. Compared with the 
corresponding single-phase simulations, the two-phase simulations showed a good 
degree o f fit with experimental results. This may be due to the strong swirling flow, 
in the single-phase situation, giving rise to large velocity gradients. These gradients 
seem to be diminished by the presence o f air in the two-phase condition.
The presence o f air bubbles affect the flow pattern significantly even at low (0.6%) 
bubble concentration. However it is obvious from the contour maps o f air 
concentration that the simulated bubble plume within the contact zone shows a much 
lower degree o f mixing than is found in practice. This may be at least in part 
responsible for the observed accumulation o f air, over and above that which would be 
expected, near the upper surface in the vicinity o f the contact zone weir. The lower 
degree o f mixing that is predicted may be due to a number o f forces that are not being 
taken into account. The absence o f lift force is unlikely to make a significant 
difference to the predictions under such conditions o f low transverse velocity gradient 
in the carrier fluid and small bubble size. However there may be a stochastic effect o f  
bubble-bubble repulsion that is not being taken into account by the simplifying 
assumption of simple inter-penetrating fluids that is the basic Eulerian two-fluid 
model. It may be that the standard k-e model does not adequately account for the 
bubble-induced turbulence effects observed in the tank. This may explain the 
observed under-prediction in the mixing o f air bubbles and water in the flotation zone.
Using the v6.0 model with its adaptive profile o f surface air velocity has a significant 
effect on the velocity profile within the flotation zone. The simulated distribution o f  
air is also affected, as can be seen from Figures 137 and 138. The gradient o f air 
volume fraction as one moves up from the base o f the tank to the upper surface 
appears to be more gradual in the case o f the v6.0 simulations, and is closer to that 
observed in real-life experiments. However there is still an accumulation o f air, just 
beyond the contact zone weir, in excess o f that which would be expected. The use o f  
an adaptive air release mechanism provides a benefit over the assumption o f uniform 
rates o f air release. The adaptive mechanism makes the localised rates o f air release 
depend upon prevailing conditions o f air velocity and volume fraction at that point. 
Further refinements of the model are required in order to reduce the accumulation o f  
air near the surface of the DAF tank. Also future work should aim to establish the
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conditions that trigger the change in behaviour, using FLUENT v6.0, as higher 
recycle ratios were used.
1.Qe-02
S .0e-03
6 .0e-03
4 .0e-03
2 .0e-03
O.Oe+OO
Contours of Volume fraction of air Oct 15, 2002
FLUENT 6.0 (3d, dp, segregated, eulerian, ske)
Figure 137: Contour map of volume fraction of air from the v6.0 simulation of 
DAF3e. The white patch near the surface indicates a volume fraction in excess of 
1.0% v/v. The plane through the tank is at z = 50mm.
O.Oe+OO
Contours of Volume fraction of air Cct 15. 2002
FLUENT 6.0 (3d, dp, segregated, eulerian, ske)
Figure 138: As in Figure 3.54 but at the centre of the tank (z = 150mm). The 
bubble plume from the inlet nozzle is shown within the contact zone to the left of
the image.
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As mentioned above, there is an unresolved issue of the degree of bubble mixing 
being under-predicted by the CFD model. During film recording of the flow within 
the flotation zone, periodic eddying motion was observed both within the air-rich 
layer, or ‘bubble blanket’, and at the interface between this layer and the relatively 
bubble-free water below it. The time period of this flow phenomenon was of the order 
of Is. If these events occur sufficiently frequently throughout the flotation zone; then 
this might account for the observed flattening of the air concentration gradient. The 
steady-state situation, viewed over several minutes, may be heavily influenced by the 
cumulative effect o f sporadic eddy-mixing events. The transport of air bubbles by this 
low frequency eddying is unlikely to be fully taken into.account by a k-£ model of 
turbulence. In order to understand the physical nature of this eddying motion more 
fully, experiments could be carried out in the future using twin LDV optical probes. 
By varying the spacing between the probes and the conditions o f flow within the DAF 
tank, comprehensive two-point correlation data could be acquired during eddying 
events. From this data, suitable additional source terms might be derived that would 
improve the performance of the CFD model.
The environmental impacts of the DAF process have been put into context within this 
work. It has been shown that approximately half o f the water currently treated within 
the UK travels through a DAF tank as a part of its whole treatment. Also it has been 
reported that water treatment accounts for approximately one fifth of the total energy 
expenditure of a water treatment and supply company such as Thames Water. 
Therefore any development tools that can be used to reduce energy expenditure 
during the water treatment process are of importance. Numerical models of particle- 
bubble coalescence point to the improvement of particle-bubble coalescence as the 
quantity of air available is increased. However the production of air-saturated water 
for supply to the DAF tanks accounts for the large part o f energy expenditure in the 
DAF process as a whole. Therefore it is in the interests o f the operating company and 
the environment to use the minimum of air-saturated water that is required. Our 
studies of the flow within the flotation zone has shown that the presence of even very 
small concentrations of air bubbles has a large impact on the flow regime within this 
zone. It would be interesting to try and separate the effects o f air concentration on:
■ the capture of particles by air bubbles, and
■ the flow regime in the flotation zone, and its effects on loss o f sludge particles 
from the surface and residence time within the flotation zone.
It has been shown that the technique of laser Doppler velocimetry (LDV) can provide 
good quality data on prevailing flow patterns within the two-phase flow system of 
dissolved air flotation (DAF). This quantitative data has been used to verify the 
predictive performance of computational fluid dynamic (CFD) models. The 
experimental data can continue to be used to monitor advancements in the design of 
CFD models of DAF in the future.
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APPENDIX I
Reproduced here are the averaged data of velocity, obtained from 2D Laser Doppler 
Anemometry (LDA) measurement, for all of the experiments described in Table 8. The 
data are arranged in tabular form and are identified by the DAFxx term as shown in Table 
8. The individual data points are referred to by their position within the refined grid shown 
in Figure 50. The reference system is as follows: there are 24 x-positions within the grid 
and 16 y-positions, point #1 refers to the point x#l,  y#l, point 2 refers to the point x#l, 
y#2, and so on until the point x#l, y#16. The next point is then x#2, y#l and the system 
repeats until we get to point#384, corresponding to point x#24, y#16. The general formula 
for a given point N (where 1 <= N <=3 84) corresponding to point x#A, y#B is therefore:
A = INT
^N - P
V 16 /
+ 1
B = N -  ((A — l) * 16)
The actual co-ordinates of a given point x#A, y#B can be found using the relationship 
below due to the fact that in the case of the refined grid, the grid-point spacing is identical 
throughout:
X = 15 + ((A-1) * 20) mm 
Y = 30 + ((B-l) * 20) mm
The tabular data appears in the following format:
Point: refers to the ID point N described above
Uvel: refers to the average velocity recorded at point N in the x-direction (m s'1)
Vvel: refers to the average velocity recorded at point N in the y-direction (m s'1)
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DAF la
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 -8.96E-4 3.44E-4 47 1.41E-2 -1.84E-3 93 1.73E-3 2.24E-3
2 -9.63E-4 3.86E-4 48 1.63E-2 1.64E-3 94 2.57E-3 6.79E-4
3 -1.39E-3 2.18E-3 49 6.46E-4 1.20E-3 95 8.84E-3 -9.51E-4
4 -1.05E-3 2.39E-3 50 -2.44E-3 2.05E-3 96 9.27E-3 4.91E-4
5 -1.51E-3 2.51E-3 51 -1.89E-3 1.91E-3 97 1.47E-2 -1.44E-3
6 -5.67E-4 3.14E-3 52 -2.62E-3 3.28E-3 98 -4.23E-3 2.10E-3
7 -7.53E-4 2.40E-3 53 -2.11E-3 4.17E-3 99 -4.41E-3 2.16E-3
8 -7.50E-4 2.29E-3 54 -1.34E-3 4.31E-3 100 -4.84E-3 2.45E-3
9 4.62E-4 2.13E-3 55 1.51E-3 2.76E-3 101 -2.64E-3 2.32E-3
10 3.82E-4 1.80E-3 56 -1.22E-3 4.10E-3 102 1.62E-4 2.15E-3
11 2.84E-4 1.34E-3 57 2.49E-3 3.53E-3 103 -1.45E-3 1.85E-3
12 2.38E-4 1.55E-3 58 3.59E-3 1.78E-3 104 -1.87E-3 2.78E-3
13 3.08E-5 2.09E-3 59 3.16E-3 8.18E-4 105 8.20E-4 2.10E-3
14 -5.22E-4 1.33E-3 60 1.97E-3 3.24E-3 106 1.80E-3 1.18E-3
15 1.42E-2 -3.88E-3 61 2.14E-3 1.61E-3 107 2.85E-3 9.04E-4
16 1.58E-2 9.26E-4 62 4.71E-3 -7.56E-4 108 3.28E-3 2.00E-3
17 -2.57E-3 1.45E-3 63 1.13E-2 -6.73E-4 109 2.73E-3 1.55E-3
18 -1.92E-3 -8.54E-5 64 1.66E-2 4.84E-4 110 5.26E-3 7.18E-4
19 4.95E-4 5.19E-4 65 -1.17E-4 1.77E-3 111 9.44E-3 -1.16E-3
20 -9.79E-5 1.07E-3 66 -4.02E-3 2.38E-3 112 1.17E-2 -1.07E-4
21 -2.91E-3 2.42E-3 67 -3.01E-3 2.88E-3 113 1.51E-2 -1.26E-3
22 -1.64E-3 3.83E-3 68 -2.46E-3 2.49E-3 114 -6.29E-3 1.72E-3
23 -6.68E-4 3.15E-3 69 -3.06E-3 3.39E-3 115 -5.01E-3 1.45E-3
24 1.06E-3 3.70E-3 70 -1.81E-3 4.47E-3 116 -3.75E-3 2.41E-3
25 4.75E-4 3.36E-3 71 1.17E-3 3.88E-3 117 -3.38E-3 1.77E-3
26 6.97E-4 3.14E-3 72 5.10E-4 4.53E-3 118 -2.49E-3 2.68E-3
27 2.18E-4 3.32E-3 73 ■ -1.67E-3 4.61E-3 119 -1.21E-3 1.30E-3
28 1.68E-4 3.03E-3 74 -1.21E-3 3.93E-3 120 -4.5.8E-4 2.51E-3
29 3.61E-5 2.77E-3 75 -2.37E-5 3.32E-3 121 -2.03E-4 2.35E-3
30 1.11E-3 1.74E-3 76 3.32E-4 1.66E-3 122 3.95E-4 5.04E-5
31 8.24E-3 1.72E-3 77 1.21E-3 2.12E-3 123 3.74E-3 3.78E-4
32 1.70E-2 2.11E-3 78 9.02E-3 -1.47E-3 124 2.24E-3 1.98E-4
33 ■1.54E-3 6.87E-4 79 1.39E-2 -2.36E-3 125 2.67E-3 1.53E-3
34 -3.21E-4 1.56E-3 80 1.20E-2 7.39E-4 126 5.69E-3 2.29E-4
35 -2.51E-3 2.94E-3 81 -4.59E-3 1.60E-3 127 1.01E-2 -8.16E-4
36 -2.59E-3 2.68E-3 82 -3.37E-3 7.98E-4 128 1.26E-2 -6.83E-4
37 -3.52E-3 2.55E-3 83 -2.64E-3 2.77E-3 129 . 1.46E-2 -3.07E-4
38 -2.31E-3 4.18E-3 84 -3.00E-3 2.00E-3 130 -5.98E-3 8.80E-4
39 -1.98E-3 4.27E-3 85 -1.88E-3 2.45E-3 131 -4.16E-3 7.42E-4
40 -5.17E-4 3.65E-3 86 -1.30E-3 2.69E-3 132 -4.26E-3 1.46E-3
41 4.09E-4 3.09E-3 87 -1.00E-3 1.68E-3 133 -3.35E-3 1.73E-3
42 -1.24E-3 3.37E-3 88 -2.73E-4 3.19E-3 134 -1.44E-3 8.56E-4
43 8.24E-4 3.16E-3 89 2.36E-3 2.45E-3 L135 -1.49E-3 1.84E-3
44 1.13E-3 2.07E-3 90 1.14E-3 1.93E-3 136 -9.28E-4 1.68E-3
45 1.12E-3 2.34E-3 91 2.05E-3 2.06E-3 137 -5.82E-4 1.57E-3
46 ■1.48E-3 3.08E-3 92 1.41E-2 -1.84E-3 138 3.67E-4 6.39E-4
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139 3.02E-3 1.24E-3 188 6.85E-3 6.00E-4 237 6.91E-3 -9.56E-4
140 4.23E-3 1.93E-4 189 6.88E-3 1.04E-4 238 1.09E-2 -2.58E-3
141 7.51E-3 -1.70E-4 190 7.78E-3 -3.40E-4 239 9.51E-3 -2.01E-3
142 8.81E-3 4.27E-4 191 1.05E-2 -1.12E-3 240 6.89E-3 1.80E-4
143 1.19E-2 3.20E-4 192 9.62E-3 -4.04E-5 241 -8.21E-3 -4.38E-4
144 1.35E-2 2.24E-4 193 -6.75E-3 5.66E-4 242 -5.55E-3 -9.50E-4
145 -6.09E-3 3.89E-4 194 -4.86E-3 -1.11E-3 243 -5.40E-3 1.22E-3
146 -6.16E-3 1.55E-3 195 -1.85E-3 -1.01E-4 244 -2.11E-3 -3.55E-4
147 -3.20E-3 3.80E-4 196 -2.94E-3 1.07E-3 245 -5.07E-4 -2.17E-3
148 -3.68E-3 1.44E-3 197 -2.73E-3 1.07E-3 246 1.14E-3 -1.58E-3
149 -1.31E-3 8.67E-4 198 -1.36E-3 8.62E-4 247 2.06E-3 -1.61E-3
150 -1.19E-3 9.61E-4 199 3.54E-4 -4.27E-5 248 3.14E-3 -3.07E-3
151 7.79E-4 2.08E-4 200 9.00E-4 3.80E-4 249 5.05E-3 -3.05E-3
152 4.47E-4 1.08E-3 201 2.23E-3 -2.01E-3 250 5.27E-3 -2.49E-3
153 3.95E-4 1.46E-3 202 1.34E-3 4.22E-4 251 6.83E-3 -2.79E-3
154 1.37E-3 1.10E-3 -203 5.93E-3 -1.77E-3 252 6.07E-3 -2.48E-3
155 2.33E-3 -2.66E-4 204 7.74E-3 -1.55E-3 253 8.47E-3 -1.55E-3
156 6.84E-3 -7.00E-4 205 8.75E-3 -2.10E-3 254 9.10E-3 -2.83E-3
157 8.00E-3 5.69E-4 206 8.71E-3 -2.06E-4 255 9.24E-3 -1.51E-3
158 9.85E-3 -4.08E-4 207 1.13E-2 -1.35E-3 256 4.39E-4 -1.20E-3
159 1.13E-2 -1.66E-3 208 1.04E-2 6.72E-5 257 -6.41E-3 -1.36E-3
160 1.18E-2 -5.77E-4 209 -7.32E-3 4.10E-4 258 -4.60E-3 -1.45E-3
161 -6.15E-3 2.46E-4 210 -5.27E-3 -1.05E-3 259 -2.40E-3 -1.75E-3
162 -5.00E-3 5.41E-4 211 -3.65E-3 -7.06E-4 260 -8.66E-4 -2.46E-3
163 -3.90E-3 1.64E-4 212 -3.00E-3 2.72E-4 261 -4.76E-4 -3.09E-3
164 -2.27E-3 7.67E-5 213 -1.82E-3 7.97E-4 262 4.22E-4 -1.59E-3
165 -1.34E-3 4.04E-4 214 -1.33E-3 1.37E-3 263 1.77E-4 -1.17E-3
166 -2.40E-3 1.07E-3 215 8.70E-4 -1.25E-3 264 2.02E-4 -2.64E-3
167 5.83E-4 4.93E-4 216 1.80E-3 -1.77E-4 265 2.97E-3 -1.91E-3
168 1.26E-3 -7.73E-4 217 2.96E-3 -5.46E-4 266 2.24E-3 -6.97E-4
169 2.14E-3 -1.08E-3 218 3.16E-3 -6.88E-4 267 4.92E-3 -2.57E-3
170 1.76E-3 1.99E-3 219 6.33E-3 -2.44E-3 268 4.77E-3 -1.97E-3
171 3.14E-3 6.41E-4 220 7.69E-3 -1.36E-3 269 7.55E-3 -4.76E-3
172 6.06E-3 -2.05E-4 221 8.94E-3 -2.57E-3 270 9.66E-3 -2.88E-3
173 6.86E-3 2.30E-4 222 1.07E-2 -2.25E-3 271 7.17E-3 -2.68E-3
174 9.67E-3 -7.68E-4 223 1.01E-2 -1.17E-3 272 1.82E-3 -1.10E-4
175 1.35E-2 -1.07E-3 224 9.78E-3 -3.55E-4 273 -4.43E-3 -2.17E-3
176 1.25E-2 -8.39E-4 225 -7.39E-3 -1.08E-3 274 -2.97E-3 -2.93E-3
177 -7.00E-3 1.00E-3 226 -6.03E-3 1.68E-4 275 -2.78E-3 -3.04E-3
178 -5.74E-3 5.86E-4 227 -5.47E-3 8.46E-4 276 -1.79E-3 -3.44E-3
179 -4.88E-3 8.87E-4 228 -3.39E-3 8.64E-4 277 -1.12E-3 -3.06E-3
180 -3.10E-3 5.16E-4 229 -8.70E-4 -8.08E-4 278 -3.09E-4 -1.87E-3
181 -2.62E-3 7.47E-4 230 5.56E-4 -1.75E-3 279 8.20E-4 -2.64E-3
182 -1.78E-3 1.13E-3 231 7.83E-4 -2.05E-3 280 2.13E-3 -3.78E-3
183 -1.46E-3 2.07E-3 232 3.10E-3 -3.03E-3 281 1.29E-3 -1.05E-3
184 -4.91E-4 3.31E-4 233 4.05E-3 -1.65E-3 282 4.15E-3 -2.16E-3
185 -2.98E-5 2.64E-4 234 4.92E-3 -1.98E-3 283 4.01E-3 -2.85E-3
186 2.09E-3 6.69E-4 235 7.15E-3 -2.42E-3 284 7.74E-3 -3.02E-3
187 4.67E-3 -1.44E-3 236 8.28E-3 -2.21E-3 285 1.09E-2 -4.52E-3
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286 -8.41E-4 -4.63E-3 319 3.83E-4 -1.64E-3 352 -1.98E-3 1.94E-4
287 2.59E-3 -1.06E-3 320 -1.89E-3 -4.58E-4 353 3.68E-3 -2.60E-3
288 -2.70E-3 -4.94E-4 321 -9.47E-4 -3.52E-3 354 4.11E-3 -4.90E-3
289 -3.74E-3 -1.18E-3 322 -1.00E-5 -4.37E-3 355 2.75E-3 -6.91E-3
290 -3.21E-3 -2.75E-3 323 -1.27E-3 -5.54E-3 356 1.51E-3 -7.47E-3
291 -3.87E-3 -5.19E-3 324 5.68E-4 -3.98E-3 357 6.61E-4 -8.17E-3
292 -1.80E-3 -2.54E-3 325 2.19E-3 -5.99E-3 358 6.57E-4 -7.73E-3
293 -9.25E-4 -4.78E-3 326 1.67E-3 -5.73E-3 359 4.07E-3 -7.90E-3
294 -8.38E-4 -5.15E-3 327 1.16E-3 -5.26E-3 360 2.43E-3 -4.58E-3
295 -9.70E-4 -4.40E-3 328 4.19E-3 -6.99E-3 361 1.69E-3 -3.44E-3
296 1.77E-3 -5.44E-3 329 4.60E-3 -7.20E-3 362 1.95E-3 -4.89E-3
297 3.65E-3 -5.04E-3 330 5.20E-3 -6.03E-3 363 4.57E-3 -3.28E-3
298 6.43E-3 -6.01E-3 331 5.53E-3 -6.02E-3 364 1.50E-3 8.55E-4
299 5.84E-3 -3.63E-3 332 2.41E-3 -3.53E-3 365 2.90E-3 -2.95E-3
300 7.54E-3 -4.59E-3 333 4.09E-3 -3.06E-3 366 1.28E-4 -9.82E-4
301 7.48E-3 -4.04E-3 334 -2.13E-3 -1.78E-3 367 1.75E-4 -9.18E-5
302 9.27E-3 -2.24E-3 335 -6.13E-4 1.06E-3 368 -2.79E-3 -4.90E-4
303 3.89E-3 -3.95E-4 336 -2.26E-4 3.19E-5 369 7.54E-3 -4.05E-3
304 -1.10E-3 7.16E-4 337 1.06E-3 -3.59E-3 370 4.35E-3 -9.48E-3
305 -1.14E-3 5.41E-3 338 1.71E-3 -4.20E-3 371 2.24E-3 -7.83E-3
306 -1.53E-3 -7.54E-4 339 1.50E-3 -6.47E-3 372 1.06E-3 -8.99E-3
307 -1.14E-3 -2.79E-3 340 1.69E-3 -5.64E-3 373 1.29E-3 -6.49E-3
308 -5.39E-4 -3.69E-3 341 1.23E-3 -5.89E-3 374 2.38E-3 -8.73E-3
309 -5.06E-4 -4.86E-3 342 1.43E-3 -7.39E-3 375 3.47E-4 -5.39E-3
310 8.11E-4 -3.77E-3 343 4.34E-3 -5.51E-3 376 2.43E-3 -5.90E-3
311 8.48E-4 -5.32E-3 344 3.25E-3 -5.82E-3 377 1.98E-4 -4.59E-3
312 1.01E-3 -6.89E-3 345 5.17E-3 -6.85E-3 378 1.39E-3 -3.28E-3
313 3.56E-3 -4.46E-3 346 4.21E-3 -4.98E-3 379 5.64E-4 -2.51E-3
314 5.89E-3 -5.83E-3 347 7.13E-4 -4.46E-3 380 2.73E-3 -2.22E-4
315 5.56E-3 -6.20E-3 348 -2.84E-3 -1.84E-3 381 1.01E-3 9.72E-4
316 5.96E-3 -4.18E-3 349 2.12E-3 -2.86E-3 382 -1.32E-3 7.61E-4
317 5.07E-3 -4.08E-3 350 5.21E-3 -2.53E-3 383 -1.11E-3 -1.27E-3
318 1.36E-3 -1.14E-3 351 1.10E-3 -1.83E-3 384 7.82E-5 -7.47E-4
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Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF lb
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 9.22E-4 2.11E-4 47 8.81E-3 -1.38E-3 93 -6.93E-3 -2.54E-3
2 9.32E-4 -2.04E-3 48 1.95E-2 -7.79E-4 94 7.20E-3 2.51E-3
3 5.54E-4 -9.75E-4 49 2.55E-3 -1.30E-3 95 1.56E-2 -9.57E-4
4 1.13E-3 -2.85E-3 50 2.58E-3 -5.61E-4 96 2.04E-2 -1.68E-3
5 6.71E-4 -3.73E-3 51 2.40E-3 -5.84E-4 97 3.53E-3 4.21E-4
6 8.95E-4 -3.29E-3 52 3.33E-4 2.40E-4 98 1.93E-3 1.22E-4
7 -1.04E-3 -3.30E-3 53 1.39E-3 -2.08E-3 99 2.77E-3 4.66E-4
8 -1.96E-3 -2.05E-3 54 1.47E-3 -1.51E-3 100 1.66E-3 2.08E-3
9 -1.68E-3 -1.93E-3 55 1.90E-3 -7.67E-4 101 8.86E-4 -1.75E-4
10 -2.35E-3 -1.20E-3 56 2.82E-4 -1.76E-3 102 1.47E-3 -3.58E-4
11 -1.43E-3 2.11E-4 57 -2.22E-3 -1.52E-3 103 -1.36E-3 -5.79E-4
12 -9.86E-4 2.25E-3 58 -3.03E-3 -1.13E-3 104 -4.06E-3 -4.90E-4
13 -2.56E-3 4.15E-3 59 -8.82E-3 7.77E-4 105 -3.36E-3 6.67E-5
14 -2.96E-3 2.93E-3 60 -3.69E-3 1.82E-3 106 -5.05E-3 9.32E-6
15 3.12E-3 1.90E-3 61 5.02E-4 2.97E-3 107 -5.56E-3 5.39E-4
16 2.09E-2 3.78E-4 62 5.79E-3 2.63E-3 108 -2.52E-3 3.47E-3
17 1.43E-3 -7.01E-4 63 8.16E-3 1.26E-3 109 1.75E-3 1.51E-4
18 1.34E-3 -2.17E-3 64 2.11E-2 -1.06E-3 110 1.35E-3 6.27E-4
19 4.05E-4 -2.33E-3 65 1.99E-3 3.04E-4 111 1.52E-2 -7.44E-4
20 1.35E-3 -2.92E-3 66 4.11E-3 -1.70E-4 112 1.98E-2 -7.82E-4
21 1.09E-3 -2.46E-3 67 1.75E-3 -1.35E-3 113 4.23E-3 1.41E-3
22 5.26E-4 -4.66E-4 68 1.87E-3 4.43E-4 114 3.77E-3 4.78E-4
23 2.12E-4 -7.64E-4 69 6.10E-4 1.74E-3 115 2.85E-3 1.06E-3
24 -1.08E-3 -1.57E-3 70 3.46E-4 3.11E-4 116 1.33E-3 4.42E-4
25 -1.81E-3 -3.17E-3 71 -1.77E-3 -1.97E-3 117 1.17E-3 -3.39E-4
26 -3.56E-3 -2.95E-3 72 -5.86E-4 -1.75E-3 118 2.33E-3 1.74E-3
27 -3.62E-3 -1.16E-3 73 -1.35E-3 -7.64E-5 119 1.04E-3 1.18E-3
28 -3.86E-3 2.04E-3 74 -8.24E-5 -8.59E-4 120 -2.50E-3 1.57E-4
29 7.12E-4 6.49E-4 75 -2.85E-3 1.67E-3 121 -4.63E-3 -3.08E-4
30 -1.96E-4 2.55E-3 76 -2.05E-3 3.55E-3 122 -5.68E-3 8.15E-5
31 5.87E-3 4.59E-4 77 7.26E-3 2.73E-3 123 -7.56E-3 9.98E-4
32 2.20E-2 -1.38E-3 78 8.54E-3 2.95E-3 124 -7.03E-3 1.33E-3
33 1.21E-3 -7.90E-4 79 1.11E-2 5.14E-4 125 -4.51E-3 1.85E-3
34 1.52E-3 -8.94E-4 80 2.05E-2 -1.58E-4 126 -1.05E-3 3.20E-3
.35 1.38E-3 -1.65E-3 81 3.91E-3 2.45E-4 127 1.65E-2 -7.42E-4
36 9.87E-4 -2.26E-3 82 3.57E-3 -2.59E-4 128 2.40E-2 -4.48E-4
37 9.06E-4 -8.95E-4 83 2.90E-3 -1.87E-4 129 2.66E-3 2.51E-4
38 -3.52E-4 -1.33E-3 84 2.66E-3 8.13E-5 130 2.79E-3 -3.88E-4
39 -1.84E-4 -2.47E-3 85 2.72E-3 2.42E-4 131 2.14E-3 -3.03E-4
40 -1.17E-3 -1.19E-3 86 1.57E-4 -3.66E-4 132 3.42E-3 3.84E-4
41 -1.42E-3 -1.96E-3 87 1.36E-3 6.76E-4 133 2.34E-3 1.00E-3
42 . -2.77E-3 -2.37E-3 88 -3.09E-3 -5.48E-4 134 1.95E-3 1.81E-3
43 -4.25E-3 -9.21E-4 89 -3.28E-3 7.71E-6 135 2.53E-3 2.35E-5
44 -4.72E-3 2.10E-3 90 -5.38E-3 -4.28E-4 136 6.69E-5 -4.00E-4
45 -4.89E-3 2.34E-3 91 -7.16E-3 -7.06E-4 137 -2.40E-3 -1.44E-3
46 1.16E-3 1.80E-4 92 -9.82E-3 1.84E-3 138 -4.38E-3 1.08E-4
178
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 -4.17E-3 5.87E-4 188 -3.17E-4 1.61E-3 237 2.94E-4 2.94E-3
140 -6.01E-3 1.45E-3 189 4.12E-4 1.30E-3 238 6.75E-3 -1.29E-3
141 -9.58E-3 1.82E-4 190 7.80E-3 -1.6 IE-4 239 9.38E-3 9.73E-4
142 6.66E-3 9.62E-4 191 1.62E-2 -1.45E-4 240 7.02E-3 3.55E-4
143 1.55E-2 -6.26E-4 192 1.74E-2 6.54E-5 241 4.19E-3 3.89E-4
144 1.54E-2 1.37E-3 193 -1.26E-3 -4.76E-4 242 3.68E-3 5.94E-4
145 3.43E-3 4.78E-4 194 -8.60E-4 5.23E-4 243 4.89E-3 5.92E-4
146 3.06E-3 2.07E-4 195 -9.72E-4 1.31E-4 244 2.16E-3 -8.64E-4
147 2.31E-3 -3.90E-4 196 -3.01E-3 7.03E-5 245 2.49E-4 -4.35E-4
148 1.77E-3 -1.52E-3 197 -5.89E-4 2.94E-4 246 -1.61E-3 -9.42E-4
149 1.83E-3 5.80E-4 198 -1.03E-3 4.79E-4 247 -1.20E-3 -4.31E-4
150 6.05E-4 5.28E-4 199 -2.20E-3 1.22E-3 248 -2.49E-3 -4.26E-4
151 -2.56E-4 -3.35E-4 200 -1.93E-3 7.93E-4 249 -5.42E-3 8.33E-4
152 -2.78E-3 -1.95E-3 201 -2.24E-3 1.84E-3 250 -1.39E-3 4.57E-4
153 -8.01E-4 -7.50E-5 202 -2.04E-3 1.81E-3 251 2.52E-3 -3.45E-3
154 -2.54E-3 1.80E-3 203 -1.88E-3 2.37E-3' 252 2.65E-3 -1.13E-3
155 -2.90E-3 1.87E-3 204 -3.57E-3 1.21E-3 253 6.22E-3 -4.90E-3
156 -2.54E-3 1.53E-3 205 3.56E-3 2.67E-4 254 1.93E-3 6.57E-4
157. 3.04E-3 -6.56E-4 206 6.51E-3 -4.06E-4 255 1.02E-2 -5.72E-4
158 9.59E-3 1.43E-3 207 1.56E-2 -6.33E-4 256 7.01E-3 -1.52E-4
159 1.76E-2 -4.86E-4 208 1.37E-2 -7.48E-4 257 5.45E-3 2.43E-4
160 1.59E-2 -7.53E-4 209 -1.46E-3 -4.65E-5 258 3.19E-3 2.48E-4
161 -2.05E-3 8.90E-4 210 -2.45E-3 -1.88E-4 259 3.14E-3 3.60E-4
162 -1.97E-3 7.74E-4 211 -1.83E-3 4.88E-5 260 4.77E-3 -6.86E-5
163 -1.58E-3 7.52E-4 212 -9.71E-4 9.47E-5 261 2.94E-3 2.22E-4
164 -1.50E-3 8.04E-4 213 -5.34E-4 5.24E-4 262 -8.34E-4 -1.11E-3
165 -1.86E-3 6.58E-4 214 -1.56E-3 1.12E-3 263 -1.86E-3 -7.11E-4
166 -1.84E-3 4.87E-4 215 -1.72E-3 -6.31E-5 264 -2.38E-3 -3.23E-4
167 -3.65E-4 3.73E-4 216 -2.70E-3 1.38E-3 265 -1.96E-3 -3.79E-4
168 -2.93E-4 4.13E-4 217 -1.35E-3 1.51E-3 266 -1.94E-3 8.06E-4
169 -1.43E-3 -5.46E-4 218 -2.65E-4 1.56E-3 267 2.56E-3 -1.87E-3
170 -6.48E-4 9.68E-4 219 -1.17E-3 3.95E-4 268 -1.98E-3 -4.05E-4
171 -1.71E-3 5.98E-4 220 3.45E-3 -1.44E-3 269 3.16E-3 -1.90E-3
172 -9.71E-4 5.69E-4 221 7.41E-3 -4.68E-3 270 7.54E-3 2.58E-4
173 2.36E-3 -1.41E-4 222 1.05E-2 -7.41E-3 271 2.29E-3 -8.29E-5
174 9.64E-3 -2.72E-4 223 1.71E-2 -2.03E-3 272 5.78E-3 1.12E-3
175 1.62E-2 -2.48E-4 224 4.46E-3 9.78E-4 273 4.08E-3 1.60E-3
176 1.61E-2 1.70E-5 225 3.84E-3 4.64E-4 274 5.67E-3 1.46E-3
177 -1.17E-3 -1.15E-4 226 2.48E-3 6.69E-4 275 4.36E-3 -7.62E-5
178 -2.44E-3 7.00E-4 227 3.41E-3 4.78E-4 276 3.85E-3 -1.57E-3
179 -1.88E-3 5.86E-4 228 3.26E-3 6.89E-4 277 -2.89E-3 -4.45E-4
180 -8.79E-4 1.49E-5 229 3.19E-3 3.39E-4 278 -2.25E-3 -1.03E-4
181 -2.16E-3 6.64E-4 230 -5.80E-4 -9.48E-4 279 -1.72E-3 -9.21E-4
182 -8.42E-4 7.62E-4 231 -1.47E-3 -1.00E-3 280 -2.02E-3 -3.31E-4
183 -1.12E-3 8.47E-4 232 -2.49E-3 -7.07E-4 281 -8.30E-4 -2.21E-3
184 -1.14E-3 . 1.96E-3 233 -1.07E-3 -2.00E-3 282 -4.65E-3 -2.82E-3
185 -1.07E-3 6.34E-4 234 -1.03E-3 -3.69E-3 283 1.76E-3 7.54E-4
186 -2.29E-3 1.84E-3 235 -2.49E-4 1.33E-3 284 -6.59E-4 1.88E-3
187 -2.37E-3 1.28E-3 236 -9.94E-4 3.54E-4 285 1.41E-3 -1.61E-3
179
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 -1.29E-3 -2.36E-3 319 7.28E-3 9.48E-4 352 2.18E-3 -9.83E-4
287 3.29E-3 , 1.01E-3 320 9.39E-4 1.05E-3 353 7.08E-3 -2.45E-3
288 1.15E-2 2.41E-4 321 5.60E-3 -3.83E-4 354 5.63E-3 -1.21E-3
289 2.62E-3 -1.15E-3 322 5.43E-3 6.96E-4 355 3.25E-3 -2.24E-3
290 1.95E-3 -2.73E-3 323 4.88E-3 -7.01E-4 356 1.08E-3 -2.74E-3
291 1.99E-3 -4.94E-4 324 1.27E-3 -1.88E-3 357 2.74E-3 -2.34E-3
292 -2.46E-3 -8.66E-4 325 6.57E-4 -1.92E-3 358 2.37E-3 -3.00E-3
293 -1.76E-3 -2.82E-4 326 2.24E-3 -2.93E-3 359 3.17E-4 -6.73E-3
294 6.1 IE-4 1.63E-3 327 3.08E-3 -4.17E-3 360 1.58E-3 -5.87E-3
295 -2.91E-3 -1.18E-3 328 -7.49E-4 -3.28E-3 361 4.93E-4 -3.11E-3
296 -1.48E-3 -6.15E-4 329 -4.26E-3 -3.74E-3 362 1.24E-3 -1.10E-3
297 -4.58E-4 -2.46E-4 330 -3.02E-3 2.08E-3 363 5.09E-3 -3.86E-3
298 1.42E-3 -6.03E-3 331 -3.36E-3 -2.92E-3 364 1.54E-3 -1.93E-3
299 3.69E-3 -4.30E-3 332 -1.11E-3 2.24E-4 365 -1.50E-4 -5.60E-4
300 4.59E-3 -2.39E-3 333 -2.82E-3 7.53E-4 366 9.93E-3 -5.35E-3
301 -4.00E-3 -3.53E-3 334 -2.35E-3 1.37E-3 367 -8.09E-4 -2.78E-3
302 8.23E-3 -3.90E-3 335 3.79E-3 2.16E-3 368 1.54E-3 2.93E-5
303 7.79E-3 6.78E-4 336 4.50E-3 1.81E-3 369 8.28E-3 -1.50E-3
304 1.53E-3 -6.66E-4 337 6.46E-3 -7.74E-4 370 4.65E-3 -4.55E-3
305 2.99E-3 -1.17E-3 338 5.98E-3 -1.23E-3 371 2.33E-3 -4.21E-3
306 3.13E-3 -1.34E-3 339 5.12E-3 -1.14E-3 372 5.43E-4 -2.85E-3
307 4.11E-3 -1.57E-3 340 2.69E-3 -2.21E-3 373 1.04E-3 -6.87E-4
308 2.18E-3 -1.36E-3 341 6.91E-4 -1.83E-3 374 -1.24E-3 -2.76E-3
309 -1.38E-3 -1.51E-3 342 2.12E-4 -1.38E-3 375 -9.93E-4 -1.98E-3
310 -1.22E-3 4.07E-4 343 -8.19E-4 -1.09E-3 376 -2.25E-3 -1.91E-3
311 -8.39E-4 -1.32E-3 344 -1.98E-3 9.95E-4 377 -1.04E-3 -2.94E-3
312 -9.24E-4 -7.76E-4 345 -9.14E-4 -2.28E-3 378 -2.67E-3 1.10E-4
313 -1.36E-3 8.48E-4 346 -1.89E-3 1.00E-3 379 -2.73E-3 -1.82E-4
314 1.64E-3 -2.42E-3 347 7.98E-4 -6.16E-3 380 -4.04E-4 1.69E-3
315 1.17E-3 -1.54E-3 348 -1.98E-3 1.89E-4 381 4.71E-3 1.87E-4
316 -8.10E-5 -1.58E-3 349 4.02E-3 -3.81E-3 382 -1.93E-3 1.42E-3
317 4.45E-3 -2.04E-3 350 -8.33E-4 2.71E-4 383 -1.82E-3 2.70E-3
318 -1.05E-3 1.19E-4 351 8.71E-4 -1.86E-3 384 -6.34E-4 8.19E-4
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Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAFlc
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 9.42E-4 -5.86E-4 47 7.53E-3 6.46E-4 93 -9.15E-3 -1.54E-3
2 6.73E-4 -2.31E-3 48 2.36E-2 5.10E-5 94 -1.94E-3 -2.42E-4
3 4.46E-4 -2.08E-3 49 9.49E-4 -1.09E-3 95 8.75E-3 5.35E-4
4 9.05E-4 -2.96E-3 50 8.00E-4 -6.08E-4 96 1.85E-2 4.11E-4
5 2.72E-5 -3.70E-3 51 8.95E-4 3.64E-5 97 2.59E-3 3.08E-4
6 -7.42E-5 -4.10E-3 52 -2.12E-5 -1.09E-4 98 9.81E-4 2.59E-5
7 -8.97E-4 -4.50E-3 53 -3.84E-4 -8.64E-4 99 1.76E-3 7.38E-4
8 • 3.95E-4 -5.41E-3 54 8.15E-4 -1.64E-3 100 3.49E-3 -3.58E-4
9 -2.20E-3 -4.18E-3 55 -3.56E-4 -1.04E-3 101 3.17E-3 1.41E-4
10 -3.73E-4 -1.44E-3 56 -4.54E-4 -7.04E-4 102 2.97E-3 1.84E-4
11 -2.63E-5 9.55E-4 57 4.88E-5 -1.35E-3 103 1.94E-3 3.54E-4
12 -2.94E-3 7.91E-4 58 -1.88E-4 -3.63E-3 104 1.51E-3 8.44E-4
13 -1.70E-3 2.69E-3 59 2.76E-5 -1.65E-4 105 3.34E-3 -1.81E-4
14 -1.41E-3 7.50E-4 60 -2.69E-3 -5.94E-4 106 1.39E-3 3.04E-4
15 4.33E-3 3.92E-3 61 -1.13E-2 1.32E-3 107 -4.42E-3 -5.55E-4
16 2.13E-2 2.05E-3 62 -4.66E-3 9.41E-4 108 -4.89E-3 1.08E-3
17 1.55E-3 -6.37E-4 63 1.57E-2 -1.58E-3 109 -3.31E-3 -1.28E-3
18 1.73E-3 -1.14E-3 64 2.81E-2 -1.61E-3 110 9.35E-3 -2.33E-3
19 1.14E-3 -1.21E-3 65 3.03E-3 -1.40E-3 111 1.29E-2 4.23E-4
20 2.04E-3 -2.61E-3 66 1.25E-3 -1.13E-4 112 1.86E-2 1.66E-3
21. 2.28E-3 -2.06E-3 67 2.14E-3 -1.09E-3 113 2.26E-3 5.42E-4
22 -1.34E-3 -3.07E-3 68 5.20E-4 -1.45E-3 114 2.89E-3 -1.51E-4
23 -1.21E-3 -1.83E-3 69 4.94E-4 9.44E-5 115 7.49E-4 -3.46E-4
24 -2.00E-3 -1.04E-3 70 5.56E-4 7.22E-4 116 1.89E-3 -7.72E-4
25 -3.96E-3 -1.29E-3 71 1.31E-3 -7.17E-4 117 2.32E-3 -7.32E-4
26 -2.93E-3 -9.08E-4 72 6.59E-4 -3.62E-4 118 1.99E-3 1.73E-4
27 -1.88E-3 -2.25E-3 73 1.78E-3 -9.61E-4 119 2.81E-3 -1.18E-3
28 -5.48E-3 1.71E-3 74 -2.53E-3 -6.69E-4 120 2.28E-3 -2.61E-4
29 -3.37E-3 3.43E-3 75 -2.70E-3 1.40E-3 121 -1.32E-3 -7.60E-4
30 -2.82E-3 1.78E-3 76 -5.34E-3 6.95E-4 122 -6.35E-3 -1.17E-3
31 4.61E-3 2.91E-3 77 -6.68E-3 2.64E-3 123 -3,21E-3 2.99E-3
32 2.16E-2 -1.56E-3 78 -3.25E-3 1.50E-3 124 -6.72E-3 4.14E-4
33 9.54E-4 -7.36E-4 79 1.41E-2 -3.28E-3 125 -9.59E-4 8.85E-4
34 4.32E-4 -1.05E-3 80 2.84E-2 -1.29E-3 126 2.46E-3 3.00E-4
35 2.01E-3 -1.20E-3 81 1.70E-3 -3.74E-5 127 1.25E-2 -2.28E-4
36 1.61E-3 -7.53E-4 82 1.93E-3 -2.83E-4 128 2.36E-2 1.13E-3
37 -8.39E-4 -1.93E-3 83 9.25E-4 -1.34E-3 129 1.58E-3 4.38E-4
38 -1.51E-4 -2.66E-4 84 1.91E-4 -1.99E-3 130 2.57E-3 -4.80E-4
39 1.32E-4 -3.07E-6 85 5.84E-4 -1.73E-3 131 1.40E-3 -5.10E-4
40 8.15E-4 -8.28E-4 86 5.00E-4 -2.12E-3 132 1.27E-3 -1.90E-3
41 6.37E-4 -2.21E-4 87 6.73E-4 -1.26E-3 133 3.47E-4 -1.68E-3
42 5.94E-4 6.18E-4 88 -1.38E-3 -2.39E-3 134 2.78E-3 -1.04E-3
43 6.33E-4 5.34E-4 89 -2.45E-3 -1.78E-3 135 -7.95E-5 -1.42E-4
44 -9.46E-4 7.54E-4 90 -3.57E-3 -4.29E-4 136 -3.93E-3 -2.42E-3
45 -7.71E-4 5.71E-4 91 -5.60E-3 6.35E-4 137 -2.49E-3 -3.69E-4
46 -6.80E-4 1.44E-3 92 -9.64E-3 2.37E-3 138 -2.19E-3 -2.61E-3
181
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 3.91E-4 -1.90E-4 188 -4.92E-4 3.88E-4 237 1.86E-3 -1.30E-3
140 4.44E-5 2.25E-3 189 7.58E-4 -1.49E-4 238 1.46E-3 -8.41E-4
141 -3.81E-4 -2.77E-4 190 8.15E-3 1.25E-3 239 7.61E-3 -7.33E-4
142 6.18E-3 3.76E-4 191 1.3 IE-2 1.39E-3 240 9.73E-3 8.75E-4
143 • 1.78E-2 -4.26E-5 192 1.27E-2 1.19E-3 241 4.28E-3 -3.36E-4
144 ’ 2.41E-2 5.02E-4 193 2.69E-3 8.47E-4 242 3.72E-3 2.81E-4
145 1.74E-3 4.37E-4 194 2.23E-3 1.14E-3 243 3.93E-3 7.01E-4
146 3.74E-3 -1.99E-4 195 2.87E-3 -6.30E-4 244 4.42E-3 -1.47E-4
147 3.67E-3 -2.80E-4 196 4.14E-3 1.64E-3 245 3.01E-3 -3.27E-4
148 2.66E-3 -2.26E-4 197 1.76E-3 8.94E-5 246 2.09E-3 3.41E-4
149 3.92E-3 -8.85E-4 198 4.06E-3 7.82E-4 247 -3.04E-3 -9.75E-4
150 3.07E-3 2.19E-4 199 1.80E-3 -5.09E-4 248 -2.85E-3 -1.09E-3
151 1.01E-3 -8.04E-4 200 1.54E-4 -1.82E-3 249 -2.03E-3 4.68E-4
152 -3.12E-4 -4.67E-4 201 -1.09E-3 -4.75E-4 250 -4.38E-3 -7.90E-4
153 -1.24E-3 -5.13E-4 202 -3.99E-3 -4.49E-4 251 -8.19E-3 -8.04E-4
154 -2.69E-3 -7.67E-5 203 -4.09E-3 -6.91E-5 252 . -1.56E-3 3.29E-4
155 -3.89E-3 5.92E-5 204 -5.39E-3 -1.72E-4 253 1.15E-3 -8.36E-4
156 -1.34E-3 3.87E-5 205 1.61E-3 2.70E-3 254 4.43E-3 8.40E-4
157 1.13E-3 -2.17E-3 206 6.12E-3 7.36E-4 255 7.96E-3 4.41E-4
158 9.74E-3 -2.07E-3 207 1.10E-2 5.60E-4 256 7.63E-3 1.19E-3
159 1.15E-2 -1.11E-3 208 1.00E-2 1.83E-3 257 4.53E-3 -2.20E-4
160 1.60E-2 1.69E-3 209 2.38E-3 -2.33E-4 258 4.59E-3 6.02E-6
161 2.66E-3 -9.96E-4 210 2.66E-3 3.46E-5 259 3.65E-3 -2.97E-4
162 3.14E-3 3.49E-5 211 2.50E-3 5.23E-4 260 4.02E-3 1.45E-3
163 3,56E-3 -7.60E-5 212 3.49E-3 -2.25E-4 261 4.47E-3 9.94E-5
164 2.41E-3 1.08E-3 213 3.64E-3 1.69E-4 262 8.10E-5 -6.91E-4
165 3.66E-3 8.44E-4 214 3.33E-3 3.91E-4 263 1.31E-4 -8.06E-4
166 1.91E-3 1.60E-3 215 2.06E-3 -7.97E-4 264 -1.76E-3 -1.09E-3
167 1.42E-3 3.21E-4 216 -2.53E-4 4.99E-5 265 -4.79E-3 -1.11E-3
168 1.14E-3 9.34E-4 217 -2.90E-3 8.26E-4 266 -3.54E-3 1.44E-4
169 -1.38E-3 -8.65E-4 218 -3.59E-3 -6.25E-4 267 -2.46E-3 -1.46E-3
170 -2.43E-3 -3.62E-4 219 -3.20E-3 1.63E-4 268 , 1.85E-3 3.27E-4
171 -4.59E-3 9.26E-4 220 -1.07E-3 -2.55E-4 269 -1.70E-3 -3.29E-3
172 -3.54E-3 -7.93E-4 221 4.75E-3 5.80E-4 270 1.43E-3 2.39E-4
173 2.37E-3 -9.32E-4 222 5.21E-3 2.08E-3 271 6.03E-3 1.49E-3
174 7.44E-3 -1.85E-3 223 8.78E-3 2.53E-3 272 4.39E-3 1.28E-3
175 1.20E-2 -2.85E-4 224 1.45E-2 6.19E-4 273 4.27E-3 -4.69E-5
176 1.42E-2 , 8.81E-4 225 3.86E-3 -1.43E-4 274 4.25E-3 9.18E-4
177 3.64E-3 4.15E-4 226 3.48E-3 6.87E-4 275 4.88E-3 1.27E-3
178 3.32E-3 4.60E-4 227 2.82E-3 -1.14E-4 276 4.87E-3 7.18E-4
179 1.74E-3 -6.09E-4 228 3.64E-3 4.87E-4 277 2.93E-3 -2.81E-4
180 2.07E-3 -1.62E-4 229 3.05E-3 -8.26E-4 278 2.65E-3 -9.89E-4
181 2.84E-3 2.22E-4 230 3.38E-3 -8.00E-4 279 . -1.28E-3 -1.17E-3
182 1.23E-3 -9.21E-5 231 -1.86E-4 4.38E-4 280 -2.45E-3 -1.22E-3
183 1.93E-3 -4.23E-4 232 -1.30E-3 -8.38E-4 281 -1.22E-3 -1.90E-4
184 2.23E-4 -3.33E-4 233 -2.26E-3 2.46E-4 282 -9.93E-4 1.32E-5
185 4.19E-4 -2.92E-4 234 -4.58E-3 1.26E-3 283 -3.46E-3 -6.33E-4
186 -1.79E-3 -5.49E-4 235 -2.89E-3 -3.11E-3 284 -6.68E-3 -7.10E-4
187 -2.68E-3 6.13E-5 236 1.03E-3 -1.10E-3 285 -2.50E-4 1.96E-3
182
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 -2.81E-3 2.48E-3 319 8.34E-4 1.10E-3 352 -7.06E-3 -7.50E-4
287 -6.60E-3 3.66E-3 320 -1.88E-4 5.86E-4 353 7.10E-3 -1.37E-3
288 -3.22E-3 6.35E-4 321 5.67E-3 -5.81E-4 354 5.67E-3 -2.35E-3
289 4.95E-3 6.66E-4 322 5.62E-3 -1.35E-3 355 4.84E-3 -2.99E-3
290 4.41E-3 4.89E-4 323 5.39E-3 -1.21E-3 356 4.27E-3 -1.93E-3
291 3.04E-3 -4.84E-5 324 4.56E-3 -1.02E-3 357 -2.66E-4 -2.30E-3
292 4.04E-3 -1.08E-3 325 1.08E-3 -1.33E-3 358 -6.95E-4 -1.24E-3
293 -1.99E-3 -1.65E-3 326 -4.63E-4 -1.29E-3 359 -1.01E-3 -6.94E-4
294 -4.54E-3 3.81E-4 327 -5.26E-4 -9.60E-5 360 -1.54E-3 -1.16E-3
295 -9.69E-4 -5.67E-4 328 -2.09E-3 -1.31E-4 361 -1.56E-3 6.73E-4
296 -4.47E-3 -2.07E-3 329 -4.56E-4 1.12E-3 362 6.10E-4 -1.68E-3
297 -1.18E-3 5.24E-4 330 -8.49E-4 4.00E-4 363 6.74E-4 6.80E-4
298 -2.03E-3 -9.38E-4 331 -1.35E-3 -2.23E-3 364 -2.99E-4 -4.69E-4
299 -3.30E-3 -8.47E-5 332 -6.7 IE-4 -5.05E-3 365 -1.95E-3 3.16E-3
300 1.34E-3 -2.64E-4 333 5.26E-4 -3.40E-4 366 -1.64E-3 1.11E-4
301 -3.23E-3 -1.47E-3 334 -2.26E-3 2.96E-3 367 2.06E-3 2.22E-3
302 1.34E-3 -1.34E-3 335 -3.31E-3 3.80E-4 368 -4.32E-3 1.18E-3
303 5.30E-3 4.60E-4 336 -4.06E-3 1.34E-3 369 8.63E-3 -2.19E-3
304 -8.74E-5 1.05E-3 337 7.29E-3 1.66E-4 370 7.75E-3 -3.26E-3
305 4.11E-3 -5.07E-4 338 6.00E-3 -8.89E-4 371 2.36E-3 -3.56E-3
306 4.57E-3 3.00E-4 339 4.74E-3 -1.75E-3 372 -1.64E-4 -2.49E-3
307 4.24E-3 -3.83E-4 340 3.72E-3 -1.47E-3 373 -2.00E-4 -1.01E-3
308 3.49E-3 -8.45E-4 341 2.76E-4 -2.09E-3 374 -6.38E-4 1.80E-4
309 1.66E-3 -1.01E-3 342 -2.99E-4 -1.01E-3 375 -6.21E-4 -1.60E-3
310 6.33E-4 -1.15E-3 343 3.71E-4 -1.06E-3 376 -6.61E-5 -1.69E-3
311 -4.84E-4 -1.63E-3 344 -1.45E-3 -9.83E-4 377 -1.15E-3 -9.19E-4
312 -1.29E-3 -3.59E-4 345 -1.88E-3 -8.66E-4 378 -1.21E-4 7.32E-4
313 -2.83E-3 -3.19E-4 346 -1.24E-3 -1.13E-3 379 -2.81E-5 -3.24E-4
314 -2.31E-3 3.73E-4 347 1.53E-3 -2.51E-3 380 1.99E-3 1.22E-4
315 -2.30E-3 1.05E-4 348 -2.13E-3 -2.89E-4 381 4.05E-3 -3.31E-3
316 2.94E-3 -1.04E-3 349 -1.16E-3 1.05E-3 382 1.06E-3 -2.94E-3
317 -1.79E-3 4.32E-3 350 -5.60E-4 2.03E-3 383 6.15E-3 -1.94E-4
318 -3.11E-3 -3.03E-3 351 -3.76E-3 2.19E-3 384 2.88E-3 2.37E-3
183
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
D AFld
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 9.24E-4 1.39E-3 47 7.23E-2 8.66E-2 93 -8.01E-3 1.37E-3
2 8.18E-4 2.55E-3 48 7.61E-2 7.77E-2 94 -1.62E-3 3.08E-3
3 1.12E-3 -1.06E-4 49 1.03E-3 2.57E-4 95 1.68E-2 -5.51E-4
4 6.92E-4 -5.27E-4 50 2.97E-5 8.04E-4 96 2.64E-2 5.49E-3
5 4.42E-4 -1.82E-3 51 -5.07E-4 -5.18E-5 97 1.50E-3 2.34E-4
6 4.01E-4 -1.31E-4 52 -3.06E-4 -7.02E-4 98 2.13E-3 -5.75E-4
7 1.37E-3 1.32E-3 53 1.84E-3 6.13E-4 99 2.01E-3 1.36E-5
8 1.12E-3 3.55E-5 54 2.12E-3 -8.66E-4 100 1.21E-3 -8.47E-4
9 1.13E-3 -3.16E-3 55 2.24E-3 -1.50E-3 101 3.50E-5 -1.51E-3
10 -1.75E-3 -3.71E-3 56 1.13E-3 3.57E-4 102 1.06E-3 9.09E-4
11 -5.62E-3 -2.57E-3 57 1.24E-3 1.42E-3 103 9.83E-5 2.97E-4
12 -4.37E-3 -7.13E-4 58 9.03E-4 -9.89E-4 104 1.91E-4 -7.19E-4
13 -4.21E-4 5.64E-3 59 -8.53E-4 -1.37E-3 105 -1.86E-3 -1.77E-3
14 -2.44E-3 4.33E-3 60 -2.60E-3 1.68E-3 106 -2.51E-3 -1.61E-3
15 1.58E-2 1.03E-2 61 -6.71E-3 2.28E-3 107 -5.02E-3 -1.55E-3
16 5.50E-2 1.63E-2 62 4.80E-3 -1.57E-3. 108 -3.68E-3 -7.82E-4
17 1.59E-3 3.62E-4 63 1.51E-2 -5.99E-3 109 -6.49E-3 1.49E-3
18 1.36E-3 1.07E-3 64 2.52E-2 -9.28E-4 110 -2.60E-3 -1.29E-3
19 1.60E-3 5.10E-4 65 1.63E-3 6.89E-4 111 1.43E-2 -4.37E-4
20 -3.26E-4 6.39E-4 66 1.28E-3 2.74E-4 112 3.04E-2 2.02E-2
21 -5.96E-4 -2.21E-4 67 1.38E-3 -3.34E-4 113 1.45E-3 -2.71E-5
22 3.08E-4 -1.41E-3 68 1.42E-3 1.39E-4 114 2.39E-3 2.68E-4
23 -6.78E-4 -2.55E-3 69 2.58E-3 1.22E-3 115 2.89E-3 -5.08E-4
24 -6.77E-4 -1.20E-3 70 1.09E-3 -9.96E-4 116 3.19E-3 -5.44E-5
25 -2.62E-3 4.02E-4 71 1.34E-3 -4.30E-4 117 3.25E-3 1.01E-3
26 -1.17E-3 -7.31E-4 72 2.14E-4 -2.14E-3 118 1.13E-3 3.57E-5
27 -1.02E-3 8.41E-4 73 -4.57E-3 -1.01E-3 119 2.34E-3 6.33E-4
28 -1.62E-3 -1.29E-3 74 -1.32E-3 -8.11E-4 120 2.29E-3 -1.72E-3
29 -6.34E-3 1.81E-3 75 -1.89E-3 3.52E-4 121 -8.20E-4 -1.75E-4
30 -2.26E-3 1.01E-3 76 -2.59E-3 6.47E-4 122 2.30E-4 -4.92E-4
31 3.03E-2 2.37E-2 77 -1.31E-2 4.77E-3 123 -7.84E-3 1.93E-3
32 7.98E-2 8.95E-2 78 -7.71E-3 4.24E-3 124 -9.22E-3 1.15E-5
33 7.31E-4 -3.61E-4 79 1.88E-2 -5.38E-3 125 5.59E-4 2.49E-4
34 1.16E-3 1.65E-4 80 2.05E-2 3.51E-4 126 8.05E-3 -1.44E-3
35 5.85E-4 -5.66E-4 81 1.32E-3 -6.14E-4 127 1.21E-2 -9.26E-4
36 1.10E-3 1.21E-4 82 1.35E-3 -5.59E-4 128 1.81E-2 1.62E-3
37 1.23E-3 1.23E-3 83 2.61E-3 1.89E-5 129 1.26E-3 -9.36E-5
38 6.28E-4 -2.62E-4 84 1.06E-3 5.37E-4 130 1.58E-3 -2.24E-4
39 -2.37E-4 -2.01E-4 85 1.09E-3 -1.69E-3 131 1.91E-3 -3.13E-4
40 4.38E-4 -6.96E-5 86 1.94E-3 -1.52E-4 132 2.02E-3 -1.92E-3
41 -1.10E-3 -1.97E-3 87 1.53E-3 -1.76E-3 133 1.62E-3 -1.82E-3
42 9.45E-4 -1.43E-3 88 2.34E-3 -1.23E-3 134 1.16E-3 -1.13E-3
43 -3.82E-3 -1.87E-3 89 1.26E-3 -8.46E-4 135 -3.55E-4 -6.99E-4
44 -2.27E-3 -1.08E-3 90 3.22E-3 2.64E-4 136 2.32E-3 -1.66E-3
45 -6.63E-3 1.21E-3 91 5.00E-3 -1.31E-3 137 -1.30E-3 -2.41E-3
46 -4.41E-3 1.34E-3 92 -4.68E-3 1.26E-3 138 -5.40E-3 1.31E-3
184
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 . -8.32E-3 8.54E-4 188 -6.31E-3 -1.00E-3 237 -7.67E-3 2.45E-3
140 -1.03E-2 2.61E-3 189 -4.35E-3 -4.03E-4 238 -3.58E-3 3.31E-3
141 -6.47E-3 2.37E-3 190 4.46E-3 -8.79E-4 239 7.29E-4 1.94E-3
142 6.53E-3 -1.82E-4 191 1.05E-2 2.63E-4 240 6.98E-3 2.05E-3
143 1.67E-2 -1.73E-3 192 1.08E-2 2.30E-3 241 3.93E-3 -7.56E-4
144 1.69E-2 1.00E-3 193 4.17E-3 7.70E-4 242 3.76E-3 -1.36E-4
145 2.06E-3 -3.82E-4 194 2.75E-3 3.20E-4 243 2.02E-3 -7.32E-4
146 2.02E-3 -2.41E-4 195 1.87E-3 -2.30E-4 244 3.25E-3 -2.69E-4
147 2.92E-3 -9.83E-4 196 2.46E-3 4.35E-4 245 2.68E-3 -1.17E-4
148 2.49E-3 -2.49E-5 197 3.39E-3 -1.28E-4 246 2.09E-3 -6.26E-4
149 1.91E-3 -5.27E-4 198 2.08E-3 1.37E-4 247 1.67E-3 -3.84E-4
150 1.42E-3 9.05E-6 199 9.84E-4 -1.10E-4 248 -4.66E-4 -4.94E-4
151 -9.65E-4 -1.87E-3 200 1.72E-4 -1.54E-3 249 6.10E-4 -5.37E-4
152 -5.67E-4 -1.84E-3 201 -7.52E-4 -5.57E-4 250 -2.08E-3 -8.30E-4
153 -3.42E-3 -8.26E-4 202 -2.22E-3 -6.58E-4 251 -5.45E-3 4.28E-4
154 -2.47E-3 -2.00E-4 203 -1.13E-4 -1.08E-4 252' -7.87E-3 -1.47E-3
155 -5.67E-3 1.19E-3 204 -2.39E-3 7.07E-5 253 1.93E-3 -9.58E-4
156 -1.05E-2 -3.27E-3 205 1.40E-3 -6.67E-4 254 7.80E-3 -8.40E-4
157 -4.36E-3 8.18E-4 206 6.24E-3 1.21E-4 255 9.09E-3 1.34E-3
158 7.16E-3 2.03E-4 207 1.18E-2 1.44E-3 256 3.55E-3 2.78E-3
159 1.55E-2 1.32E-4 208 1.11E-2 1.97E-3 257 3.46E-3 -7.43E-5
160 1.62E-2 4.97E-4 209 3.92E-3 -9.76E-5 258 3.41E-3 -2.72E-4
161 2.07E-3 3.94E-4 210 2.89E-3 8.00E-5 259 4.73E-3 -1.88E-4
162 2.52E-3 -2.50E-4 211 2.44E-3 6.78E-4 260 3.13E-3 -7.05E-4
163 2.03E-3 -1.96E-3 212 3.20E-3 3.57E-4 261 3.21E-3 -7.89E-4
164 1.01E-3 -2.67E-3 213 2.96E-3 3.13E-4 262 3.44E-3 -3.55E-4
165 2.50E-3 -1.05E-3 214 -8.56E-4 -6.86E-4 263 1.37E-3 -2.14E-3
166 3.23E-3 -6.88E-4 215 -1.96E-3 -1.79E-3 264 -2.44E-3 -1.52E-3
167 6.25E-4 -1.54E-3 216 -6.71E-4 -9.07E-4 265 -1.13E-3 -1.34E-3
168 -4.66E-4 -1.87E-3 217 -1.75E-4 -2.24E-5 266 -3.40E-3 2.49E-5
169 -9.01E-4 -7.74E-4 218 -1.09E-3 -9.61E-4 267 -7.41E-3 -7.84E-4
170 -4.33E-3 -8.29E-5 219 -1.88E-3 -1.90E-4 268 -1.75E-3 -9.22E-4
171 -4.52E-3 -1.51E-3 220 2.65E-3 3.03E-3 269 -1.32E-3 7.81E-4
172 -9.11E-3 8.31E-4 221 2.71E-3 4.26E-5 270 3.09E-3 -1.31E-3
173 -3.97E-3 1.90E-3 222 5.78E-3 -1.31E-3 271 4.39E-3 5.42E-4
174 5.61E-3 6.06E-5 223 5.76E-3 3.04E-4 272 -3.40E-3 1.70E-3
175 1.53E-2 -1.29E-5 224 6.06E-3 -1.35E-5 273 3.96E-3 4.18E-4
176 1.10E-2 1.62E-3 225. 3.01E-3 1.87E-4 274 3.35E-3 1.37E-5
177 1.68E-3 -4.10E-4 226 2.04E-3 -1.42E-3 275 4.44E-3 -1.62E-5
178 2.36E-3 2.03E-5 227 2.83E-3 -9.05E-4 276 4.02E-3 -2.80E-4
179 3.13E-3 -6.86E-4 228 8.18E-4 -1.38E-3 277 3.08E-3 2.11E-4
180 3.05E-3 -1.59E-3 229 1.88E-3 -1.24E-3 278 2.65E-3 -9.03E-6
181 1.80E-3 -1.29E-3 230 -6.92E-4 -5.83E-4 279 1.86E-3 -6.14E-4
182 3.38E-4 -1.89E-3 231 -9.11E-4 -1.73E-3 280 6.81E-4 -1.32E-3
183 4.13E-4 -1.78E-3 232 -2.10E-3 -8.91E-4 281 -1.75E-3 -8.58E-4
184 -1.59E-3 -1.65E-3 233 -4.76E-3 -5.50E-4 282 -1.37E-3 -2.72E-5
185 -1.33E-3 -2.59E-4 234 -4.26E-3 6.94E-4 283 -4.32E-3 -3.91E-4
186 -1.87E-3 2.81E-4 235 -7.48E-3 -4.39E-4 284 -2.53E-3 -6.55E-4
187 -4.39E-3 -1.53E-4 236 -2.29E-3 8.70E-4 285 8.76E-5 -8.79E-4
185
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 6.73E-4 1.37E-4 319 -1.72E-3 7.35E-4 352 1.77E-3 1.80E-3
287 4.87E-3 1.27E-3 320 4.23E-3 1.02E-3 353 6.25E-3 -1.64E-3
288 7.64E-3 2.01E-3 321 5.69E-3 2.44E-4 354 5.02E-3 -3.30E-3
289 4.22E-3 -1.25E-4 322 3.42E-3 -1.17E-3 355 3.12E-3 -2.59E-3
290 4.19E-3 -6.89E-4 323 5.91E-3 -2.18E-3 356 1.53E-3 -3.17E-3
291 4.52E-3 2.57E-4 324 4.40E-3 -1.13E-3 357 6.86E-4 -1.86E-3
292 4.27E-3 -1.94E-4 325 3.56E-3 -1.02E-3 358 1.84E-3 -5.48E-4
293 1.71E-3 -7.14E-4 326 1.41E-3 -7.84E-4 359 6.21E-4 -1.39E-3
294 1.02E-3 -2.44E-3 327 8.56E-4 1.88E-4 360 3.13E-4 -1.64E-3
295 1.06E-3 -1.16E-3 328 -9.14E-4 -1.40E-3 361 2.29E-3 -2.49E-3
296 -1.23E-3 -6.53E-4 329 -1.50E-3 -1.32E-3 362 -9.97E-4 -1.26E-3
297 1.42E-4 9.70E-5 330 -1.04E-3 8.53E-5 363 2.85E-4 -9.49E-4
298 -3.23E-3 -5.59E-4 331 1.10E-3 -5.19E-4 364 9.37E-4 -7.97E-4
299 -2.16E-3 -1.61E-4 332 1.17E-3 -2.00E-3 365 1.32E-3 -8.00E-4
300 -2.17E-3 -1.69E-4 333 1.24E-4 -5.13E-4 366 1.59E-3 4.16E-4
301 -4.01E-5 -5.33E-4 334 -6.29E-4 2.96E-4 367 5.92E-3 -2.26E-3
302 4.07E-3 6.35E-4 335 6.53E-3 1.14E-4 368 -2.84E-3 8.58E-5
303 9.01E-3 1.59E-3 336 6.99E-3 1.49E-3 369 8.96E-3 -3.04E-3
304 6.13E-3 2.40E-3 337 6.63E-3 -8.81E-4 370 5.20E-3 -5.35E-3
305 4.88E-3 -6.11E-4 338 6.74E-3 -6.58E-4 371 3.12E-3 -3.83E-3
306 4.43E-3 -1.38E-3 339 4.90E-3 -1.19E-3 372 1.47E-3 -3.00E-3
307 2.96E-3 -9.89E-4 340 1.77E-3 -1.96E-3 373 1.52E-3 -1.89E-3
308 3.52E-3 -1.05E-3 341 1.48E-3 -1.93E-3 374 1.78E-3 -3.14E-4
309 2.90E-3 -1.47E-3 342 1.04E-3 -3.38E-3 375 3.77E-4 -4.97E-4
310 1.10E-3 -1.37E-3 343 1.57E-3 -2.30E-3 376 -1.25E-4 -9.42E-4
311 4.06E-4 -1.83E-3 344 -2.01E-3 -3.78E-3 377 -5.16E-4 -4.34E-4
312 -7.99E-4 -1.08E-3 345 2.06E-3 -2.56E-3 378 -1.30E-3 -8.41E-4
313 -2.19E-3 -1.17E-4 346 -1.84E-3 -1.42E-3 379 -9.72E-4 1.00E-3
314 -2.27E-3 -4.06E-4 347 3.82E-3 -2.23E-3 380 -8.45E-4 -2.83E-3
315 -4.04E-3 -1.06E-3 348 -5.88E-4 -4.74E-4 381 -1.19E-3 4.98E-5
316 -4.42E-3 -8.92E-4 349 4.51E-3 -1.79E-3 382 -3.28E-5 1.82E-3
317 -4.66E-3 -1.80E-3 350 7.18E-3 9.26E-4 383 1.85E-3 6.90E-4
318 -2.09E-4 -1.72E-4 351 2.39E-3 1.75E-3 384 1.30E-3 6.43E-4
186
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAFle
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 1.02E-3 1.21E-3 47 . 1.56E-2 2.66E-3 93 -6.05E-3 -4.02E-4
2 1.62E-3 1.62E-3 48 2.24E-2 1.77E-4 94 -3.92E-3 9.15E-5
3 1.70E-4 6.88E-4 49 9.53E-4 1.39E-4 95 1.66E-2 -1.08E-3
4 9.15E-4 1.08E-3 50 1.23E-3 -5.71E-5 96 5.13E-2 3.52E-3
5 1.12E-4 7.78E-5 51 1.54E-3 8.85E-5 97 2.39E-3 7.80E-4
6 4.96E-4 -4.86E-4 52 1.71E-3 -6.64E-4 98 2.56E-3 7.51E-5
7 -4.56E-5 -2.33E-3 53 ' 1.48E-3 1.57E-4 99 2.14E-3 -4.24E-4
8 3.24E-5 -2.56E-3 54 1.89E-3 -7.37E-4 100 3.66E-3 -1.11E-3
9 5.89E-4 -1.49E-3 55 2.06E-3 -8.97E-4 101 3.47E-3 -1.46E-3
10 -5.92E-4 -1.77E-3 1 56 2.15E-3 1.93E-4 102 3.27E-3 -7.08E-4
11 5.58E-4 -4.43E-3 57 2.11E-3 -2.43E-3 103 3.93E-3 -1.24E-3
12 -7.74E-4 -5.18E-4 58 1.53E-3 -2.47E-3 104 4.08E-3 -4.00E-4
13 -2.87E-3 1.53E-3 59 -1.65E-3 -2.41E-3 105 3.97E-3 3.00E-5
14 -2.51E-3 4.84E-3 60 -4.75E-3 6.52E-6 106 6.44E-3 -1.56E-4
15 1.23E-2 9.37E-3 61 -8.24E-3 1.94E-3 107 2.01E-3 5.54E-4
16 3.00E-2 6.98E-3 62 -1.12E-2 1.84E-3 108 -1.65E-3 1.18E-3
17 1.24E-3 5.59E-4 63 1.65E-2 -4.32E-3 109 -6.61E-3 1.54E-3
18 7.28E-5 2.64E-4 64 2.64E-2 7.66E-4 110 -1.39E-3 1.86E-3
19 9.98E-4 9.51E-5 65 1.19E-3 -6.41E-4 111 2.01E-2 -6.28E-4
20 1.50E-3 -8.44E-4 66 2.21E-3 -7.37E-4 112 4.58E-2 5.88E-3
21 6.09E-4 -4.53E-4 67 2.18E-3 -3.89E-4 113 2.01E-3 -5.30E-4
22 1.57E-3 2.66E-3 68 2.36E-3 -8.83E-4 114 2.70E-3 -1.11E-3
23 2.93E-3 6.75E-3 69 2.44E-3 -5.26E-4 115 3.81E-3 -9.95E-4
24 -1.52E-3 6.39E-3 70 3.34E-3 -1.33E-3 116 3.64E-3 -4.98E-4
25 3.11E-3 6.93E-3 71 2.73E-3 -3.82E-4 117 3.43E-3 -5.60E-4
26 -1.46E-3 -2.61E-3 72 3.51E-3 -1.55E-3 118 4.40E-3 -1.48E-3
27 1.65E-3 -4.95E-4 73 2.93E-3 -2.10E-3 119 3.93E-3 -2.42E-4
28 4.13E-4 -2.51E-3 74 3.02E-3 -1.48E-3 120 3.61E-3 6.46E-4
29 -3.71E-3 2.84E-3 75 -1.09E-3 -4.80E-4 121 3.03E-3 -2.15E-4
30 -7.14E-3 3.70E-3 76 2.37E-3 -7.85E-4 122 1.03E-3 -1.13E-3
31 1.53E-2 9.94E.3 77 -6.74E-3 2.71E-4 123 -5.08E-4 -3.51E-4
32 1.98E-2 1.95E-3 78 4.84E-3 -2.15E-3 124 -2.99E-3 -2.92E-4
33 3.27E-4 -2.01E-4 79 1.55E-2 -8.53E-4 125 -7.36E-3 -1.17E-3
34 1.61E-3 -1.10E-3 80 2.66E-2 2.53E-3 126 -4.96E-3 1.85E-3
35 1.37E-3 5.59E-4 81 2.11E-3 -7.34E-4 127 2.71E-2 -2.80E-4
36 5.53E-4 -6.84E-5 82 3.05E-3 -8.45E-4 128 6.63E-2 7.13E-2
37 7.64E-4 -1.71E-5 83 1.78E-3 -5.58E-4 129 1.75E-3 9.79E-5
38 1.18E-3 -1.07E-3 84 1.67E-3 -1.12E-3 130 2.66E-3 -6.40E-4
39 6.94E-4 -1.99E-3 85 1.72E-3 -1.35E-3 131 2.70E-3 -8.43E-4
40 2.46E-3 -1.65E-3 86 2.16E-3 -8.64E-4 132 3.41E-3 -1.18E-3
41 2.42E-3 9.72E-5 87 3.61E-3 -2.51E-3 133 3.26E-3 -1.47E-4
42 1.75E-3 1.36E-3 88 3.06E-3 -1.29E-3 • 134 3.82E-3 -8.54E-4
43 2.96E-3 2.49E-4 89 3.52E-3 -4.24E-4 135 3.76E-3 -6.10E-4
44 1.20E-3 -1.39E-4 90 8.68E-4 -8.82E-4 136 4.85E-3 -9.43E-5
45 -2.16E-3 1.79E-3 91 -8.74E-4 -9.30E-4 LJ37 6.05E-3 -1.02E-3
46 -5.57E-4 1.36E-3 92 -2.71E-3 -1.10E-4 138 6.17E-3 2.32E-3
187
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 1.15E-4 -4.47E-4 188 -4.80E-3 6.84E-4 237 -6.75E-4 -6.10E-4
140 -5.18E-5 -2.66E-4 189 -1.51E-3 1.10E-3 238 5.68E-3 -9.86E-4
141 -4.83E-3 7.40E-4 190 4.93E-3 6.71E-4 239 1.75E-2 1.97E-3
142 8.73E-3 -8.10E-4 191 1.37E-2 1.11E-3 240 5.96E-2 3.59E-3
143 1.87E-2 6.55E-4 192 1.97E-2 2.38E-3 241 3.48E-3 -9.35E-4
144 6.57E-2 8.85E-2 193 2.85E-3 -1.39E-3 242 3.10E-3 -1.18E-3
145 1.60E-3 -7.91E-4 194 2.55E-3 -1.03E-3 243 3.42E-3 -8.41E-4
146 2.55E-3 -7.15E-5 195 2.70E-3 -1.11E-3 244 3.35E-3 -8.65E-4
147 1.38E-3 -2.06E-4 196 3.73E-3 -9.18E-4 245 3.16E-3 -1.17E-3
148 1.19E-3 -3.79E-4 197 3.80E-3 -2.87E-4 246 3.68E-3 -1.37E-3
149 4.47E-3 6.94E-4 198 4.04E-3 -1.03E-3 247 2.52E-3 -1.26E-3
150 3.52E-3 -9.65E-4 199 3.84E-3 -9.12E-4 248 2.46E-3 -1.33E-3
151 3.99E-3 -1.12E-3 200 3.22E-3 -2.13E-3 249 1.61E-3 -1.30E-3
152 2.23E-3 -1.27E-3 201 3.62E-4 -8.30E-4 250 -7.36E-4 -2.07E-3
153 3.89E-3 2.51E-4 202 -1.03E-3 -3.68E-4 251 -2.15E-3 -1.08E-3
154 2.78E-3 -1.05E-4 203 -2.80E-3 -2.37E-4 252 -3.47E-3 1.37E-3
155 -1.30E-3 8.03E-4 204 -2.63E-3 -3.89E-4 253 4.79E-4 5.89E-4
156 -4.54E-3 1.41E-3 205 -1.02E-4 -4.24E-4 254 4.69E-3 1.14E-4
157 -3.63E-4 1.85E-3 206 4.19E-3 -1.09E-3 255 1.43E-2 1.65E-3
158 2.55E-3 -5.90E-4 207 1.28E-2 1.63E-3 256 2.56E-2 2.89E-3
159 7.58E-2 2.61E-3 208 2.03E-2 3.18E-3 257 3.88E-3 -1.31E-3
160 3.15E-2 3.66E-3 209 2.99E-3 -3.98E-4 258 3.27E-3 -6.58E-4
161 2.18E-3 -7.14E-4 210 3.30E-3 -7.94E-4 259 3.03E-3 -9.01E-4
162 2.86E-3 -1.90E-3 211 3.01E-3 -1.08E-3 260 3.64E-3 -7.44E-4
163 2.42E-3 -6.87E-4 212 3.63E-3 -5.17E-4 261 2.89E-3 -5.31E-4
164 2.83E-3 -1.27E-3 213 3.66E-3 -1.24E-4 262 3.76E-3 -1.27E-3
165 3.73E-3 -1.23E-3 214 4.20E-3 -8.91E-4 263 3.30E-3 -7.09E-4
166 3.51E-3 -8.46E-4 215 5.30E-3 -1.27E-3 264 3.84E-3 -5.68E-4
167 3.46E-3 -1.47E-3 216 4.04E-3 -5.94E-4 265 4.89E-4 -2.35E-3
168 3.29E-3 -1.13E-3 217 2.11E-3 -1.61E-3 266 2.78E-3 -5.28E-4
169 4.12E-3 4.72E-4 218 7.23E-4 -2.08E-3 267 -1.60E-3 -4.93E-5
170 7.28E-4 -1.68E-3 219 -4.32E-3 -6.44E-4 268 -2.41E-3 -3.83E-4
171 3.08E-4 -3.61E-4 220 -5.61E-3 -1.33E-3 269 1.87E-3 -1.36E-4
172 -4.02E-3 1.64E-3 221 3.15E-4 1.16E-3 270 5.60E-3 -5.06E-4
173 -1.59E-3 -3.35E-4 222 9.64E-3 2.63E-4 271 1.62E-2 6.65E-4
174 6.38E-3 -4.75E-4 223 1.87E-2 1.68E-3 272 2.88E-2 3.46E-3
175 1.42E-2 1.84E-3 224 3.40E-2 3.48E-3 273 3.30E-3 -7.97E-4
176 2.09E-2 3.21E-3 225 3.05E-3 -1.28E-3 274 3.23E-3 2.54E-4
177 1.78E-3 -1.28E-3 226 3.07E-3 -1.47E-3 275 3.46E-3 -1.52E-3
178 2.29E-3 -1.27E-3 227 3.54E-3 -1.19E-3 276 3.41E-3 -5.44E-4
179 3.05E-3 -1.74E-3 228 3.27E-3 -5.53E-4 277 4.74E-3 -3.40E-4
180 3.69E-3 -1.99E-3 229 3.38E-3 -3.19E-4 278 3.81E-3 -8.65E-4
181 4.38E-3 -2.17E-3 230 3.02E-3 -2.98E-4 279 3.84E-3 3.88E-4
182 3.77E-3 -5.30E-4 231 2.87E-3 -1.87E-3 280 3.18E-3 9.42E-4
183 4.22E-3 -6.62E-4 232 3.85E-3 -5.82E-4 281 2.76E-3 1.17E-4
184 2.60E-3 -1.52E-3 233 2.37E-3 -1.23E-3 282 3.62E-4 -3.44E-4
185 1.65E-3 -7.44E-4 234 1.49E-3 -8.28E-4 283 -3.98E-3 -6.58E-4
186 -5.36E-4 1.89E-4 235 -1.99E-3 -4.83E-4 284 -2.41E-3 6.56E-4
187 -5.09E-3 -1.51E-3 236 -3.51E-3 -8.84E-4 285 -1.59E-3 -1.04E-3
188
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 7.48E-3 -5.74E-4 319 9.34E-3 2.33E-4 352 3.35E-3 4.53E-4
287 J 1.31E-2 2.65E-4 320 1.25E-2 1.36E-3 353 6.21E-3 -2.58E-3
288 2.00E-2 8.64E-4 321 4.76E-3 -1.17E-3 354 4.93E-3 -3.55E-3
289 3.86E-3 -3.09E-4 322 4.55E-3 -1.52E-3 355 3.49E-3 -2;99E-3
290 4.07E-3 -7.06E-4 323 4.42E-3 -1.36E-3 356 2.23E-3 -2.94E-3
291 4.32E-3 -8.48E-4 324 4.17E-3 -1.84E-3 357 2.88E-3 -1.56E-3
292 3.84E-3 -1.03E-3 325 4.18E-3 -9.70E-4 358 1.89E-3 -1.08E-3
293 4.50E-3 -2.94E-4 326 ' 3.00E-3 -4.46E-4 359 5.35E-4 -4.54E-4
294 3.69E-3 -7.81E-4 327 3.46E-3 6.38E-4 360 2.38E-4 -9.69E-4
295 3.05E-3 -3.42E-4 328 1.96E-3 5.10E-4 361 -1.15E-4 -4.42E-4
296 2.63E-3 -4.54E-4 329 2.11E-3 1.13E-4 362 -6.70E-4 -1.43E-3
297 2.50E-3 1.16E-4 330 7.68E-4 -5.47E-5. 363 -8.90E-4 -9.42E-4
298 6.82E-4 -4.66E-5 331 -2.17E-3 -1.09E-3 364 1.20E-3 -2.48E-4
299 -3.68E-3 -1.89E-4 332 1.06E-3 1.26E-4 365 -1.95E-3 -1.27E-3
300 -5.65E-3 -1.61E-3 333 4.37E-6 -1.01E-3 366 1.02E-3 -2.16E-4
301 -1.37E-3 -6.12E-4 334 2.99E-3 -7.72E-4 367 1.19E-2 -7.60E-5
302 1.19E-3 -6.49E-4 335 1.03E-2 -3.42E-5 368 3.27E-3 1.96E-4
303 1.15E-2 4.58E-4 336 7.76E-3 9.59E-5 369 8.71E-3 -3.23E-3
304 1.76E-2 3.15E-4 337 5.52E-3 -1.41E-3 370 6.14E-3 -4.84E-3
305 5.11E-3 -6.23E-4 338 5.34E-3 -2.07E-3 371 3.22E-3 -3.34E-3
306 4.15E-3 -1.39E-3 339 4.04E-3 -1.67E-3 372 2.35E-3 -2.16E-3
307 3.67E-3 -1.38E-3 340 4.47E-3 -1.94E-3 373 1.01E-3 -1.81E-3
308 3.48E-3 -7.49E-4 341 3.14E-3 -1.70E-3 374 1.04E-4 -1.74E-3
309 3.06E-3 -1.19E-3 342 1.85E-3 -8.62E-4 375 2.81E-4 -7.40E-4
310 3.18E-3 -3.75E-4 343 2.25E-3 -1.95E-4 376 -1.82E-4 -7.65E-4
311 3.15E-3 9.94E-4 344 1.30E-3 -5.77E-4 377 -3.00E-4 -1.54E-3
312 1.38E-3 -1.98E-4 345 6.02E-4 2.75E-4 378 -5.74E-4 -1.92E-3
313 2.05E-3 5.38E-4 346 -3.75E-4 -3.94E-4 379 -1.06E-3 -5.19E-4
314 9.64E-4 -1.96E-4 347 -2.10E-3 -4.06E-4 380 -1.97E-3 6.65E-4
315 -3.21E-3 -9.00E-4 348 -3.35E-3 -6.95E-4 381 -1.7 IE-3 3.88E-4
316 -3.93E-3 1.40E-4 349 -6.34E-4 -1.83E-3 382 -1.32E-4 8.09E-4
317 -3.22E-3 -3.35E-4 350 1.13E-3 -2.90E-4 383 2.96E-3 1.13E-3
318 2.19E-3 5.75E-4 351 8.26E-3 -9.29E-4 384 1.41E-3 1.78E-3
189
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF2a
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 -2.45E-3 -2.50E-3 47 2.14E-2 -1.32E-3 93 7.76E-3 2.29E-3
2 -6.58E-4 -1.71E-3 48 2.88E-2 1.40E-3 94 1.37E-2 1.81E-3
3 -1.77E-3 1.43E-3 49 -5.91 E-4 2.66E-3 95 2.12E-2 8.09E-4
4 -3.08E-4 1.37E-3 50 -5.70E-3 3.20E-3 96 2.88E-2 5.03E-4
5 1.65E-3 1.56E-3 51 5.50E-4 3.44E-3 97 -1.05E-2 5.11E-3
6 -1.43E-3 3.31E-3 52 -6.98E-3 4.74E-3 98 -8.81E-3 4.66E-3
7 -1.32E-3 5.39E-3 53 . -4.92E-3 6.10E-3 99 -5.30E-3 5.63E-3
8 2.21E-3 4.13E-3 54 -3.82E-3 4.66E-3 100 -6.61E-3 7.09E-3
9 -1.82E-3 7.82E-3 55 8.99E-4 5.55E-3 101 -5.02E-3 7.56E-3
10 8.56E-4 5.53E-3 56 -1.10E-3 8.90E-3 102 -2.62E-3 5.50E-3
11 8.33E-4 3.63E-3 57 1.46E-3 5.33E-3 103 -5.94E-4 4.70E-3
12 2.56E-5 5.76E-3 58 7.61E-4 2.97E-3 104 -1.89E-3 4.70E-3
13 1.18E-3 4.92E-3 59 9.93E-4 6.24E-3 105 5.37E-3 5.08E-3
14 -1.54E-3 3.16E-3 60 3.30E-3 3.65E-3 106 1.88E-3 7.97E-3
15 1.36E-2 1.44E-3 61 5.62E-3 2.26E-3 107 5.21E-3 5.56E-3
16 3.25E-2 9.81E-4 62 4.45E-3 2.75E-3 108 9.68E-3 3.01E-3
17 -2.13E-3 2.35E-5 63 1.34E-2 3.62E-3 109 1.33E-2 2.13E-3
18 -5.80E-4 3.04E-3 64 2.91E-2 2.28E-3 110 1.26E-2 2.34E-3
19 -4.74E-4 2.73E-3 65 -3.63E-3 2.54E-3 111 1.27E-2 3.10E-3
20 -2.52E-3 3.09E-3 66 -2.19E-3 2.47E-3 112 2.72E-2 -3.42E-4
21 -3.17E-3 4.66E-3 67 -8.41E-3 5.23E-3 113 -1.32E-2 4.41E-3
22 1.72E-4 3.04E-3 68 -6.71E-3 8.14E-3 114 -1.07E-2 3.43E-3
23 -8.22E-4 5.14E-3 69 -4.78E-3 7.02E-3 115 -6.49E-3 2.20E-3
24 -2.21E-3 6.37E-3 70 -1.39E-3 7.10E-3 116 -9.05E-3 3.52E-3
25 9.89E-4 6.42E-3 71 6.12E-4 6.01E-3 117 -3.62E-3 3.25E-3
26 1.24E-3 5.98E-3 72 -1.69E-3 7.76E-3 118 3.07E-4 3.22E-3
27 9.36E-4 6.90E-3 73 -2.43 E-4 6.94E-3 119 -1.36E-3 4.07E-3
28 7.20E-4 7.28E-3 74 2.61E-3 5.21E-3 120 1.38E-3 5.19E-3
29 1.20E-3 3.84E-3 75 4.21E-3 2.29E-3 121 1.55E-3 3.63E-3
30 - 2.44E-3 2.61E-3 76 5.01E-3 3.37E-3 122 5.14E-3 2.83E-3
31 1.21E-2 2.74E-3 77 8.51E-3 7.16E-4 123 7.40E-3 1.86E-3
32 2.68E-2 4.41E-3 78 1.12E-2 9.58E-4 124 8.80E-3 1.05E-3
33 3.87E-4 3.03E-3 79 1.78E-2 2.56E-3 125 1.30E-2 2.62E-3
34 -2.21E-3 3.90E-3 80 2.95E-2 1.34E-4 126 1.06E-2 1.72E-3
35 1.34E-4 3.86E-3 81 -1.07E-2 2.48E-3 127 1.82E-2 7.48E-5
36 -1.88E-3 2.25E-3 82 -6.40E-3 3.53E-3 128 2.69E-2 6.58E-4
37 -4.53E-3 4.35E-3 83 -7.96E-3 5.94E-3 129 -1.25E-2 4.36E-3
38 -1.14E-3 3.83E-3 84 -3.17E-3 7.41E-3 130 -9.57E-3 2.64E-3
39 -3.19E-3 5.58E-3 85 -3.91E-3 7.76E-3 131 -7.55E-3 3.03E-3
40 -2.53E-3 7.36E-3 86 -2.08E-3 5.51E-3 132 -5.13E-3 4.30E-3
41 1.98E-3 4.43E-3 87 -2.20E-3 . 7.13E-3 133 -7.87E-3 3.95E-3
42 3.05E-3 6.25E-3 88 -1.19E-3 5.52E-3 134 -5.08E-3 3.14E-3
43 1.79E-3 4.16E-3 89 -1.22E-3 6.60E-3 135 -1.75E-3 3.15E-3
44 1.95E-3 6.15E-3 90 4.60E-3 3.18E-3 136 7.18E-4 2.2 3 E-4
45 3.55E-3 4.55E-3 91 5.33E-3 2.41E-3 137 2.48E-3 2.63E-3
46 4.45E-3 3.14E-3 92 3.84E-3 5.04E-3 138 7.42E-3 2.77E-4
190
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139 8.18E-3 2.98E-3 188 1.12E-2 1.63E-3 237 1.12E-2 -1.12E-3
140 1.22E-2 2.52E-4 189 1.42E-2 1.20E-3 238 1.85E-2 -4.80E-3
141 1.42E-2 -9:88E-4 190 1.31E-2 4.20E-4 239 1.83E-2 -4.62E-3
142 1.94E-2 -2.72E-3 191 2.00E-2 -1.49E-3 240 1.77E-2 -3.63E-3
143 2.56E-2 -1.81E-3 192 2.45E-2 -1.38E-3 241 -9.75E-3 -2.53E-3
144 2.83E-2 -2.73E-4 193 -1.13E-2 1.86E-4 242 -7.16E-3 -1.60E-3
145 -1.25E-2 2.61E-3 194 -1.23E-2 -1.11E-3 243 -6.21E-3 -5.83E-4
146 -1.22E-2 5.12E-3 195 -1.10E-2 -7.58E-4 244 -5.16E-3 -4.53E-3
147 -7.62E-3 4.87E-4 196 -8.42E-3 2.56E-3 245 -1.38E-3 -8.91E-4
148 -8.47E-3 3.93E-3 197 -1.08E-3 -4.75E-4 246 9.62E-4 -5.25E-3
149 -3.80E-3 3.06E-3 198 1.48E-4 9.37E-4 247 1.71E-3 -5.08E-3
150 -4.33E-3 3.16E-3 199 -7.34E-4 1.07E-3 248 2.54E-3 -5.01E-3
151 -9.00E-4 1.29E-3 200 2.71E-3 -1.70E-3 249 5.02E-3 -6.94E-3
152 8.64E-4 1.22E-3 201 1.40E-3 -4.40E-4 250 8.77E-3 -3.85E-3
153 2.90E-3 2.23E-3 202 7.00E-3 -2.09E-3 251 9.82E-3 -3.51E-3
154 8.67E-3 2.30E-3 203 1.14E-2 3.94E-4 252 7.30E-3 -5.39E-3
155 7.71E-3 2.12E-3 204 1.60E-2 -3.02E-3 253 1.59E-2 -4.48E-3
156 1.34E-2 -1.65E-4 205 1.43E-2 -1.09E-3 254 1.56E-2 -4.82E-3
157 8.72E-3 1.90E-3 206 1.81E-2 -6.99E-4 255 1.25E-2 -1.10E-3
158 1.82E-2 -1.63E-3 207 1.51E-2 -8.25E-4 256 1.71E-2 -1.30E-3
159 1.88E-2 4.43E-4 208 2.46E-2 -1.44E-3 257 -1.06E-2 -2.44E-3
160 2.65E-2 -5.14E-4 209 -1.23E-2 -3.82E-3 258 -1.03E-2 -1.60E-3
161 -1.25E-2 2.73E-3 210 -1.04E-2 -1.46E-3 259- -2.66E-3 -2.31E-3
162 -1.16E-2 2.48E-3 211 -7.14E-3 -9.34E-4 260 -1.52E-3 -2.12E-3
163 -8.47E-3 8.65E-4 212 -4.63E-3 -4.64E-4 261 -2.92E-3 -6.15E-3
164 -9.20E-3 3.23E-3 213 -4.08E-3 -2.27E-3 262 -2.48E-6 t5.08E-3
165 -2.83E-3 2.54E-3 214 -6.60E-4 -1.50E-3 263 2.47E-3 -5.15E-3
166 -1.89E-3 1.84E-3 215 -1.74E-3 -1.59E-3 264 3.75E-3 -4.90E-3
167 -6.34E-4 1.38E-3 216 2.68E-3 2.35E-3 265 2.56E-3 -5.36E-3
168 1.43 E-4 2.49E-3 217 3.53E-3 -6.07E-4 266 5.32E-3 -8.29E-3
169 2.20E-3 1.87E-3 218 7.30E-3 -2.12E-3 267 1.10E-2 -6.35E-3
170 6.18E-3 2.12E-3 219 1.40E-2 -4.55E-3 268 1.19E-2 -4.82E-3
171 5.92E-3 1.83E-3 220 1.41E-2 -5.83E-4 269 1.27E-2 -5.84E-3
172 1.31E-2 5.92E-4 221 1.08E-2 -1.44E-3 270 1.43E-2 -5.22E-3
173 1.14E-2 8.29E-4 222 1.32E-2 -7.94E-4 271 1.99E-2 -6.27E-3
174 1.60E-2 -1.10E-3 223 2.09E-2 -3.27E-3 272 2.17E-3 -2.91E-3
175 1.89E-2 -8.50E-4 224 2.44E-2 -1.87E-3 273 -5.69E-3 -3.45E-3
176 2.65E-2 -5.30E-4 225 -1.13E-2 -2.14E-3 274 -4.19E-3 -4.54E-3
177 -1.40E-2 -1.65E-3 226 -8.68E-3 -2.91E-3 275 -3.31E-3 -7.24E-3
178 -9.47E-3 -1.55E-3 227 -7.47E-3 1.13E-3 276 -5.80E-3 -6.08E-3
179 -1.07E-2 2.32E-3 228 -5.72E-3 -4.34E-3 277 -1.66E-3 -4.74E-3
180 -8.08E-3 2.58E-3 229 -5.39E-3 -1.72E-3 278 7.74E-4 -7.25E-3
181 . -4.02E-3 2.55E-3 230 -1.49E-3 -1.57E-3 279 2.44E-3 -6.63E-3
182 -1.04E-3 1.65E-3 231 -5.26E-4 -2.06E-3 280 6.28E-3 -6.22E-3
183 8.82E-4 1.03E-3 232 2.88E-3 -3.17E-3 281 7.35E-3 -9.69E-3
184 1.28E-3 3.45E-4 233 6.20E-3 -3.65E-3 282 7.71E-3 -7.83E-3
185 2.96E-3 -1.29E-3 234 9.46E-3 -3.28E-3 283 1.15E-2 -8.92E-3
186 6.91E-3 3.68E-4 235 1.15E-2 -3.68E-3 284 9.53E-3 -7.01E-3
187 9.63E-3 -1.87E-4 236 1.05E-2 -4.64E-3 285 1.13E-2 -6.13E-3
191
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 1.46E-2 -6.82E-3 319 . 9.77E-3 -1.64E-3 352 -6.23E-3 -3.79E-3
287 1.52E-2 -5.26E-3 320 -9.00E-4 -7.84E-4 353 8.96E-3 -7.88E-3
288 7.43E-3 -2.51E-3 321 1.81 E-4 -4.89E-3 354 6.65E-3 -1.16E-2
289 -6.46E-3 -2.42E-3 322 2.07E-3 -6.21E-3 355 8.64E-3 -1.40E-2
290 -5.43E-3 -6.01E-3 323 6.87E-4 -7.46E-3 356 3.77E-3 -1.18E-2
291 -3.73E-3 -6.81E-3 324 1.43E-3 -8.84E-3 357 6.00E-3 -1.35E-2
292 -5.80E-4 -8.08E-3 325 4.78E-3 -1.17E-2 358 5.98E-3 -1.21E-2
293 1.27E-3 -7.25E-3 326 2.68E-3 -1.12E-2 359 1.43E-3 -8.13E-3
294 6.09E-4 -9.24E-3 327 4.12E-3 -1.30E-2 360 5.07E-3 -1.39E-2
295 1.89E-3 -7.98E-3 328 6.03E-3 -1.37E-2 361 4.97E-3 -1.04E-2
296 5.33E-3 -9.08E-3 329 5.12E-3 -9.81E-3 362 3.95E-3 -8.74E-3
297 4.87E-3 -8.95E-3 330 8.64E-3 -1.18E-2 363 6.29E-3 -8.02E-3
298 6.07E-3 -9.09E-3 331 8.98E-3 -1.15E-2 364 1.00E-3 -6.44E-3
299 8.91E-3 -8.97E-3 332 9.07E-3 -9.54E-3 365 2.02E-3 -4.43E-3
300 9.85E-3 -8.91E-3 333 , 7.61E-3 -6.80E-3 366 4.05E-3 -3.22E-3
301 1.40E-2 -9.60E-3 334 1.77E-3 -3.16E-3 367 -1.08E-3 -2.70E-3
302 1.57E-2 -7.24E-3 335 1.07E-2 -1.98E-4 368 -4.35E-3 -3.65E-3
303 9.90Er3 -2.69E-3 336 -2.62E-3 -2.57E-4 369 1.45E-2 -4.89E-3
304 6.27E-3 -5.62E-4 337 5.74E-3 -4.11E-3 370 8.48E-3 -1.72E-2
305 -3.09E-3 -5.24E-3 338 4.65E-3 -6.04E-3 371 6.10E-3 -1.62E-2
306 -2.33E-3 -2.24E-3 339 4.26E-3 -9.29E-3 372 4.93E-3 -1.42E-2
307 -7.84E-4 -7.40E-3 340 3.03E-3 -1.25E-2 373 2.02E-3 -1.34E-2
308 1.55E-3 -8.59E-3 34.1 1.96E-3 -8.98E-3 374 2.97E-3 -1.48E-2
309 -6.49E-4 -8.45E-3 342 3.65E-3 -1.24E-2 375 1.80E-3 -1.52E-2
310 1.69E-3 -1.16E-2 343 2.16E-3 -1.33E-2 376 2.05E-3 -1.09E-2
311 4.33E-3 -1.10E-2 344 6.10E-3 -1.20E-2 377 7.47E-4 -1.02E-2
312 2.00E-3 -1.03E-2 345 7.69E-3 -L32E-2 378 5.41E-3 -9.69E-3
313 6.63E-3 -1.15E-2 346 5.04E-3 -9.45E-3 379 2.44E-3 -9.39E-3
314 9.40E-3 -1.13E-2 347 8.78E-3 -9.26E-3 380 3.69E-3 -6.21E-3
315 9.23E-3 -1.14E-2 348 8.22E-3 -8.06E-3 381 5.66E-4 -4.61E-3
316 8.31E-3 -8.83E-3 349 5.65E-3 -4.47E-3 382 2.67E-3 -1.31E-3
317 8.42E-3 -7.40E-3 350 3.03E-3 6.64E-4 383 3.77E-3 -1.08E-3
318 1.23E-2 -7.54E-3 351 2.54E-5 -1.26E-3 384 -1.07E-3 3.41 E-4
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DAF2b
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 2.83E-4 4.00E-4 47 1.85E-2 6.18E-3 93 3.95E-3 3.11E-4
2 4.92E-4 5.41 E-4 48 3.34E-2 3.38E-3 94 1.22E-3 2.27E-3
3 3.54E-4 5.01 E-4 49 -1.43E-3 2.04E-3 95 1.49E-2 2.99E-3
4 9.24E-4 -1.90E-3 50 • -6.79E-3 5.55E-3 96 3.57E-2 -1.17E-3
5 9.60E-4 -2.09E-3 51 -5.03E-3 4.75E-3 97 1.67E-3 8.86E-5
6 1.94E-3 -3.66E-3 52 -5.37E-3 5.68E-3 98 9.71 E-4 5.54E-4
7 1.91E-3 -3.85E-3 53 -1.99E-3 4.02E-3 99 1.73E-4 6.29E-4
8 3.17E-3 -4.12E-3 54 -2.52E-3 5.65E-3 100 6.43E-4 -4.98E-5
9 1.19E-3 -1.15E-3 55 -1.20E-3 5.58E-3 101 1.90E-3 6.29E-4
10 -4.54E-4 -5.09E-3 56 7.19E-4 1.19E-3 102 2.73E-3 -1.75E-3
11 1.03E-3 -1.55E-3 57 7.70E-5 3.93E-3 103 2.98E-3 7.23E-4
12 -2.06E-3 -1.72E-3 58 -9.11 E-4 3.84E-3 104 3.48E-3 1.72E-3
13 -3.00E-3 1.90E-3 59 -1.80E-3 5.78E-3 105 3.19E-3 1.36E-3
14 -1.68E-3 3.72E-3 60 3.09E-4 4.16E-3 106 8.60E-3 -2.08E-3
15 2.76E-2 8.30E-3 61 1.46E-4 3.80E-3 107 _j 3.93E-4 -2.84E-3
16 3.43E-2 -1.01E-3 62 4.34E-3 4.93E-3 108 -7.86E-5 -1.52E-4
17 5.41 E-4 -2.08E-4 63 2.43E-2 2.45E-3 109 9.39E-3 2.44E-3
18 2.35E-3 -9.06E-4 64 3.34E-2 1.67E-3 110 8.3 IE-3 3.77E-3
19 1.80E-3 -9.25E-4 65 -9.58E-3 4.88E-3 111 2.22E-2 -1.67E-3
20 2.57E-3 -1.48E-3 66 -7.01E-3 4.20E-3 112 3.05E-2 2.44E-4
21 2.38E-3 -3.94E-3 67 -5.04E-3 6.1 IE-3 113 2.24E-3 -8.65E-4
22 -4.46E-3 -2.59E-3 68 -4.79E-3 3.14E-3 114 1.98E-3 -3.80E-4
23 8.44E-4 -1.30E-3 69 -2.34E-3 5.46E-3 115 2.72E-3 -1.17E-3
24 1.24E-3 -2.10E-3 70 -2.76E-3 5.72E-3 116 1.81E-3 1.25E-5
25 -9.14E-4 -1.07E-3 71 -1.86E-3 3.14E-3 117 -4.66E-4 3.07E-4
26 9.41 E-4 -1.18E-3 72 -1.00E-4 3.46E-3 118 -2.75E-3 8.16E-4
27 5.15E-4 1.26E-3 73 -3.58E-4 5.05E-3 119 -1.85E-3 4.82E-4
28 -3.02E-3 -1.48E-3 74 -1.84E-3 4.04E-3 120 -1.57E-3 2.16E-3
29 -3.08E-3 6.97E-4 75 -1.10E-3 6.12E-3 121 2.30E-4 2.49E-3
30 7.35E-3 2.66E-5 76 1.96E-3 3.06E-3 122 6.17E-3 1.31E-3
31 2.06E-2 4.70E-3 77 4.44E-3 5.91E-3 123 -1.04E-3 6.05E-3
32 3.53E-2 1.12E-3 78 1.46E-2 1.48E-3 124 4.80E-3 -9.36E-4
33 2.45E-3 -4.32E-4 79 2.34E-2 1.81E-3 125 6.13E-3 2.78E-3
34 1.85E-4 1.86E-3 80 3.22E-2 1.41E-3 126 4.43E-3 4.51E-3
35 1.39E-4 3.09E-4 81 -1.04E-2 4.61E-3 127 1.56E-2 9.39E-4
36 2.70E-4 4.56E-6 82 -8.25E-3 3.11E-3 128 2.85E-2 -1.19E-3
37 1.12E-3 -3.21 E-4 83 -4.52E-3 4.09E-3 129 1.35E-3 8.28E-4
38 -2.88E-4 -2.85E-4 84 -2.94E-3 4.29E-3 130 -3.06E-3 2.86E-3
39 2.94E-4 1.16E-3 85 -3.98E-3 2.85E-3 131 -2.31E-3 3.42E-3
40 -3.92E-4 8.46E-4 86 -1.14E-3 1.15E-3 132 -2.05E-3 2.36E-3
41 -8.16E-4 3.01 E-4 87 -2.08E-3 4.26E-3 133 -1.64E-3 4.47E-3
42 -3.91 E-4 9.58E-4 88 -2.24E-3 2.95E-3 134 -3.77E-3 4.77E-3
43 1.57E-3 -2.48E-4 89 1.20E-3 1.43E-3 135 -2.16E-3 6.10E-3
44 -1.57E-3 2.57E-4 90 9.30E-4 2.62E-3 136 -1.79E-4 3.04E-3
45 -3.95E-4 2.02E-3 91 4.06E-3 6.99E-4 137 -1.36E-3 5.62E-3
46 3.34E-3 2.85E-3 92 3.50E-3 -1.74E-3 138 1.22E-2 -2.26E-3
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139 4.14E-3 3.33E-3 188 1.22E-2 -5.97E-4 237 9.33E-3 -9.29E-4
140 6.44E-3 -1.45E-3 189 1.63E-2 3.63E-3 238 1.43E-2 -1.29E-3
141 9.21E-3 4.08E-4 190 1.04E-2 2.11E-3 239 1.69E-2 -1.73E-3
142 3.22E-3 1.80E-3 191 1.38E-2 1.72E-3 240 2.85E-2 -2.19E-3
143 1.83E-2 9.78E-4 192 3.32E-2 -2.41E-3 241 1.03E-3 7.97E-4
144 3.33E-2 -6.80E-4 193 -5.48E-3 4.27E-3 242 -1.51E-3 -2.20E-3
145 -3.64E-3 1.37E-3 194 -6.25E-3 2.15E-3 243 -1.95E-3 -5.42E-3
146 -3.47E-4 1.62E-3 195 -4.00E-3 1.96E-3 244 8.73E-3 -5.28E-3
147 -5.64E-4 2.13E-3 196 -4.73E-3 3.91E-3 245 3.91E-3 -4.53E-3
148 1.49E-3 1.29E-3 197 -3.02E-3 2.65E-3 246 4.42E-3 -1.07E-4
149 -3.02E-3 1.65E-3 198 7.16E-4 2.84E-3 247 1.05E-2 -1.23E-2
150 -1.75E-3 1.88E-3 199 1.61E-3 1.46E-3 248 -1.23E-3 -5.15E-3
151 7.51E-4 1.62E-3 200 2.07E-3 1.17E-3 249 8.70E-3 -2.31E-3
152 1.90E-3 2.29E-3 201 6.43E-3 -3.17E-3 250 5.93E-3 -7.63E-4
153 5.19E-3 3.53E-3 202 7.39E-3 -6.49E-3 251 1.10E-2 -4.62E-3
154 8.14E-3 -2.22E-3 203 1.04E-2 -3.12E-3 252 6.76E-3 -4.28E-3
155 8.21E-3 -1.01E-3 204 1.10E-2 -2.68E-3 253 8.58E-3 -3.96E-3
156 1.15E-2 -7.87E-4 205 8.95E-3 6.05E-4 254 1.31E-2 -3.34E-3
157 9.68E-3 3.30E-3 206 2.05E-2 -8.88E-4 255 1.50E-2 -4.74E-3
158 4.91E-3 1.84E-3 207 2.06E-2 -2.11E-3 256 2.36E-2 -2.83E-3
159 2.55E-2 -3.36E-3 208 3.28E-2 -1.85E-3 257 -4.21E-3 -8.98E-4
160 3.37E-2 -1.22E-3 209 -5.06E-3 4.23E-3 258 -3.61E-3 4.02E-4
161 -5.04E-3 2.71E-3 210 -6.24E-3 2.57E-3 259 -3.11E-3 3.01E-4
162 -5.10E-3 4.08E-3 211 -5.20E-3 7.87E-4 260 -3.05E-4 4.30E-5
163 -3.00E-3 1.67E-3 212 -2.47E-3 2.49E-3 261 1.62E-3 1.44E-3
164 7.86E-4 1.88E-3 213 -9.23E-4 2.13E-3 262 3.29E-3 -8.3 5 E-4
165 -1.48E-3 3.89E-3 214 -9.13E-4 4.06E-3 263 6.67E-3 -1.61E-3
166 -1.67E-3 2.42E-3 215 2.01E-3 6.40E-3 264 9.87E-3 -3.21E-3
167 -1.84E-4 8.74E-4 216 7.00E-3 -9.69E-4 265 8.35E-3 -2.49E-3
168 6.47E-3 -2.57E-3 217 7.82E-3 -1.19E-3 266 8.74E-3 -1.02E-3
169 2.09E-3 4.95E-4 218 1.13E-2 -2.01E-3 267 8.26E-3 -8.24E-4
170 6.87E-3 -1.69E-3 219 1.24E-2 1.25E-3 268 8.51E-3 -2.94E-3
171 1.45E-2 6.58E-4 220 1.14E-2 1.85E-3 269 1.19E-2 -5.29E-3
172 1.25E-2 5.05E-4 221 7.30E-3 -6.60E-4 270 1.53E-2 -4.98E-3
173 6.27E-3 -1.22E-4 222 1.44E-2 -8.80E-4 271 1.84E-2 -4.64E-3
174 1.34E-2 -1.32E-3 223 1.67E-2 -2.16E-3 272 2.76E-2 -1.77E-3
175 1.85E-2 -1.87E-3 224 2.67E-2 -1.66E-3 273 -2.98E-3 1.98E-4
176 2.93E-2 -8.88E-4 225 -1.29E-5 -1.31E-3 274 -1.69E-3 7.21 E-4
177 -2.95E-3 3.53E-3 226 -3.17E-3 -1.26E-3 275 -4.32E-3 -7.37E-4
178 -8.34E-4 7.77E-4 227 -1.35E-3 -2.03E-3 276 -2.56E-3 7.75E-4
179 4.41 E-4 3.76E-3 228 4.5 3 E-4 -9.53E-4 277 -1.43E-3 2.59E-4
180 -1.14E-3 1.50E-3 229 -3.77E-4 1.15E-3 278 -9.94E-4 6.84E-4
181 -2.69E-3 4.01E-3 230 8.28E-4 5.36E-3 279 2.47E-3 1.59E-3
182 5.72E-4 4.69E-3 231 -6.56E-5 3.78E-3 280 9.20E-3 -2.41E-3
183 1.11E-3 1.41E-3 232 1.03E-2 -3.98E-3 281 6.66E-3 -3.09E-3
184 -3.14E-4 5.79E-4 233 9.16E-3 -1.76E-3 282 1.25E-2 -2.09E-3
185 6.78E-3 1.49E-3 234 8.61E-3 -3.50E-3 283 8.42E-3 -4.12E-3
186 7.65E-3 1.11E-3 235 5.53E-3 -1.95E-3 284 1.05E-2 -2.19E-3
187 8.38E-3 -6.03E-3 236 1.31E-2 -2.07E-3 285 1.36E-2 -2.31E-3
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286 1.35E-2 -5.56E-3 319 6.52E-3 -4.06E-3 352 -1.23E-4 -2.60E-3
287 1.75E-2 -5.43E-3 320 6.79E-3 -4.54E-3 353 1.17E-2 4.25E-3
288 9.58E-3 -1.41E-3 321 4.79E-3 -6.93E-4 354 7.15E-3 -7.82E-3
289 -2.89E-3 -4.84E-4 322 5.85E-3 5.84E-4 355 6.70E-3 -1.00E-2
290 -1.32E-3 -2.19E-3 323 4.04E-3 -3.81E-3 356 3.03E-3 -1.02E-2
291 -3.64E-3 -2.66E-3 324 -7.79E-4 -2.35E-3 357 4.33E-3 -1.22E-2
292 1.20E-3 -4.08E-3 325 -1.85E-3 -4.98E-3 358 2.21E-3 -1.50E-2
293 2.14E-3 -2.66E-3 326 -3.67E-3 -1.03E-2 359 6.39E-3 -1.26E-2
294 -6.80E-4 -3.07E-3 327 -6.15E-3 -9.83E-3 360 6.31E-3 -1.30E-2
295 3.11E-3 -2.52E-3 328 7.73E-5 -6.15E-3 361 5.92E-3 -1.45E-2
296 8.28E-3 -4.03E-3 329 2.37E-3 -4.89E-3 362 1.49E-3 -1.18E-2
297 8.14E-3 -2.86E-3 330 7.37E-3 -7.54E-3 363 1.11E-3 -1.17E-2
298 6.20E-3 -1.92E-3 331 9.80E-3 -1.13E-2 364 1.10E-2 -9.56E-3
299 8.79E-3 -2.64E-3 332 8.57E-3 -8.57E-3 365 4.42E-3 -7.48E-3
300 1.05E-2 -5.26E-3 333 5.81E-3 -6.97E-3 366 1.04E-2 -9.19E-3
301 1.54E-2 -8.44E-3 334 1.02E-2 -6.05E-3 367 3.22E-3 -3.20E-3
302 1.39E-2 -6.83E-3 335 -1.40E-3 -5.18E-3 368 6.50E-5 -2.40E-3
303 1.37E-2 -4.33E-3 336 1.13E-3 2.80E-3 369 1.51E-2 -9.66E-3
304 1.03E-2 -2.29E-3 337 5.39E-3 -3.32E-3 370 1.18E-2 -1.40E-2
305 4.85E-3 1.10E-3 338 4.43E-3 -7.02E-3 371 4.85E-3 -1.83E-2
306 3.50E-3 1.40E-4 339 2.67E-3 -6.27E-3 372 2.04E-3 -1.85E-2
307 3.07E-3 -2.83E-3 340 4.59E-3 -1.06E-2 373 4.58E-3 -1.81E-2
308 1.22E-3 -3.20E-3 341 4.26E-3 -8.93E-3 374 4.29E-3 -1.33E-2
309 3.28E-3 -9.28E-4 342 1.60E-3 -7.99E-3 375 6.93E-3 -1.47E-2
310 2.50E-3 -3.73E-3 343 2.97E-4 -1.22E-2 376 3.52E-3 -9.10E-3
311 2.78E-3 -5.90E-3 344 2.53E-3 -1.06E-2 377 4.51E-3 -1.33E-2
312 6.84E-3 -8.77E-3 345 2.39E-3 -9.78E-3 378 2.94E-3 -8.72E-3
313 3.76E-3 -2.76E-3 346 4.95E-3 -9.39E-3 379 2.64E-5 -8.76E-3
314 9.29E-3 -4.86E-3 347 1.12E-2 -1.35E-2 380 -1.09E-2 -7.01E-3
315 7.88E-3 -2.89E-3 348 8.86E-3 -1.19E-2 381 6.78E-3 -6.74E-3
316 1.17E-2 -4.50E-3 349 1.89E-3 -4.89E-3 382 5.65E-5 -4.15E-3
317 8.90E-3 -4.37E-3 350 1.00E-2 -7.57E-3 383 -1.72E-3 -5.87E-4
318 1.69E-2 -8.62E-3 351 7.01E-3 -5.92E-3 384 -7.26E-4 5.89E-4
195
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF2c
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 8.47E-4 -1.38E-3 47 1.97E-2 2.91E-3 93 8.74E-3 -1.27E-3
2 1.23E-3 -1.46E-3 48 3.72E-2 2.22E-3 94 1.11E-2 -2.61E-3
3 1.41E-3 -2.63E-3 49 2.07E-3 -5.79E-4 95 2.15E-2 -1.14E-3
4 1.55E-3 -3.38E-3 50 2.83E-3 -1.82E-3 96 3.95E-2 2.19E-4
5 ■ 1.82E-3 -4.37E-3 51 2.23E-3 -6.17E-4 97 3.01E-3 -6.19E-4
6 1.20E-3 -6.39E-3 52 4.64E-3 6.96E-4 98 3.85E-3 -3.16E-4
7 2.45E-3 -5.30E-3 53 3.46E-3 6.58E-4 99 1.71E-3 -4.16E-4
8 2.61E-3 -6.80E-3 54 9.93E-4 -4.71 E-4 u o o 5.14E-3 -2.79E-3
9 2.39E-3 -6.18E-3 55 4.05E-3 1.87E-3 101 3.31E-3 -2.37E-3
10 1.10E-3 -3.75E-3 56 1.46E-3 1.77E-3 102 4.36E-3 -1.60E-3
11 2.36E-3 -1.77E-3 57 5.49E-3 -6.38E-4 103 5.79E-3 1.40E-3
12 -1.65E-3 -1.42E-3 58 3.38E-3 7.21 E-4 104 6.41E-3 2.39E-3
13 -1.28E-3 4.37E-4 59 2.08E-3 9.46E-4 105 5.27E-3 1.33E-4
14 -3.34E-3 3.98E-3 60 -1.68E-3 2.28E-4 106 6.37E-3 -3.17E-3
15 2.80E-2 9.82E-3 61 4.19E-3 9.18E-4 107 1.22E-2 -6.38E-3
16 3.81E-2 6.85E-3 62 1.22E-2 -1.35E-3 108 1.30E-2 -5.11E-3
17 2.39E-3 -2.74E-3 63 2.55E-2 -1.94E-4 109 9.80E-3 -2.98E-3
18 2.21E-3 -2.47E-3 64 3.85E-2 2.71E-3 110 6.70E-3 -2.23E-3
19 2.61E-3 -2.19E-3 65 2.97E-3 -1.02E-4 111 1.72E-2 -1.33E-3
20 2.57E-3 -2.99E-3 66 4.72E-3 -1.25E-3 112 3.64E-2 3.44E-6
21 3.78E-3 -3.72E-3 67 4.23E-3 6.84E-4 113 4.07E-3 2.00E-4
22 2.67E-3 -6.89E-4 68 4.47E-4 -1.29E-3 114 3.00E-3 -1.64E-4
23 2.13E-3 -3.96E-3 69 2.53E-3 1.28E-3 115 4.21E-3 -2.94E-4
24 2.10E-3 -2.32E-3 70 2.68E-3 -1.96E-3 116 5.29E-3 -1.74E-4
25 8.43 E-4 -2.99E-3 71 -1.12E-3 1.19E-3 117 5.57E-3 1.39E-3
26 -4.62E-4 -1.08E-3 72 2.09E-3 7.17E-4 118 6.15E-3 -6.72E-4
27 -1.90E-3 3.18E-3 73 , 9.41E-4 1.58E-3 119 5.65E-3 -4.65E-4
28 -4.40E-4 -1.15E-3 74 -2.49E-3 2.55E-4 120 2.20E-3 -8.45E-4
29 -1.18E-3 2.31E-3 75 -6.59E-4 8.62E-5 121 ■4.66E-3 -1.05E-3
30 5.71E-3 4.79E-3 76 -6.28E-4 -3.30E-4 122 7.03E-3 -2.72E-3
31 3.09E-2 4.79E-3 77 3.21E-3 3.38E-4 123 1.03E-2 -3.90E-3
32 3.89E-2. 3.66E-3 78 4.72E-3 2.35E-3 124 1.15E-3 -1.60E-3
33 2.60E-3 1.16E-4 79 1.09E-2 9.92E-4 125 7.23E-3 -3.01E-3
34 1.47E-3 -3.20E-4 80 3.67E-2 4.66E-4 126 8.30E-4 2.08E-4
35 2.35E-3 -1.60E-3 81 3.08E-3 3.93E-4 127 1.79E-2 -2.42E-3
36 8.24E-4 -9.75E-4 82 4.34E-3 -5.83E-4 128 3.72E-2 -1.56E-3
37 3.91E-3 1.62E-3 83 1.84E-3 -2.87E-4 129 4.18E-3 -7.94E-4
38 2.16E-3 -1.49E-3 84 1.94E-3 -8.07E-4 130 4.95E-3 -8.38E-4
39 3.08E-3 -2.42E-4 85 5.77E-3 5.44E-4 131 4.44E-3 -9.14E-4
40 4.38E-3 -7.86E-4 86 5.71E-3 2.85E-3 132 5.06E-3 4.75E-5
41 8.44E-4 2.85E-3 87 5.08E-3 -1.63E-3 133 7.46E-3 -1.09E-4
42 3.04E-3 -4.14E-3 88 6.55E-5 2.12E-3 134 7.21E-3 1.39E-3
43 -3.43E-3 -4.81E-5 89 6.16E-3 5.05E-4 135 3.31E-3 -1.59E-3
44 7.40E-4 1.36E-3 90 3.99E-3 -4.23E-4 136 8.33E-3 -2.82E-3
45 -8.38E-4 7.80E-4 91 3.48E-3 -6.03E-4 137 6.74E-3 1.15E-3
46 9.40E-3 2.13E-3 92 6.12E-3 -3.06E-3 138 8.49E-3 -5.85E-3
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139 9.55E-3 -4.86E-3 188 -2.24E-3 -2.69E-3 237 1.08E-2 -1.39E-2
140 1.08E-2 -5.49E-3 189 -1.35E-3 3.23E-3 238 1.42E-2 -6.83E-3
141 4.99E-3 -2.69E-3 190 5.68E-3 4.39E-3 239 1.25E-2 -7.76E-3
142 9.87E-3 -4.49E-3 191 1.88E-2 -2.33E-3 240 1.15E-2 -2.58E-3
143 1.97E-2 -3.19E-3 192 2.56E-2 -3.39E-3 241 8.59E-3 -6.76E-4
144 3.40E-2 -1.93E-3 193 4.97E-3 -7.59E-4 242 8.31E-3 -1.41E-3
145 4.99E-3 -1.16E-3 194 7.31E-3 -5.03E-4 243 8.18E-3 -2.25E-3
146 6.21E-3 -6.06E-4 195 6.71E-3 -2.29E-3 244 4.60E-3 -2.40E-3
147 8.60E-3 -4.40E-4 196 -1.38E-3 -9.33E-4 245 2.21E-3 -1.58E-3
148 6.54E-3 -2.89E-3 197 5.61E-3 -2.36E-3 246 3.53E-3 -3.55E-3
149 7.02E-3 -2.84E-4 198 1.90E-3 -3.15E-3 247 8.96E-3 -6.00E-3
150 -3.90E-3 2.37E-3 199 3.04E-3 -5.41E-3 248 9..53E-3 -4.70E-3
151 2.70E-3 -2.10E-3 200 7.05E-3 -6.04E-3 249 6.82E-3 -1.84E-3
152 -3.26E-3 4.13E-3 201 1.10E-2 -3.27E-3 250 -4.33E-5 -1.35E-3
153 6.54E-3 1.68E-3 202 6.36E-3 2.25E-3 251 6.95E-3 -8.68E-3
154 2.08E-3 -2.81E-3 203 1.02E-2 -3.89E-3 252 5.23E-3 -5.13E-3
155 7.00E-3 -1.63E-3 204 3.47E-3 -3.48E-3 253 8.17E-3 -1.07E-2
156 7.45E-3 6.46E-6 205 5.89E-3 -4.68E-3 254 6.93E-3 -5.45E-3
157 8.55E-3 1.43E-3 206 9.05E-3 -1.32E-3 255 9.89E-3 -2.82E-3
158 1.54E-2 -1.87E-3 207 2.03E-2 -2.81E-3 256 1.28E-2 -2.50E-3
159 1.35E-2 -5.76E-4 208 2.57E-2 -2.71E-3 257 9.69E-3 -8.06E-4
160 3.30E-2 -1.35E-3 209 7.43E-3 -1.01E-3 258 8.38E-3 -2.25E-3
161 4.31E-3 -6.58E-4 210 6.81E-3 -9.68E-4 259 4.19E-3 -1.57E-3
162 4.42E-3 -8.52E-4 211 6.83E-3 -2.47E-3 260 6.24E-3 -5.19E-4
163 3.86E-3 -1.32E-3 212 7.78E-3 -2.32E-3 261 1.59E-3 -3.03E-3
164 -4.20E-4 1.30E-4 213 2.75E-3 -4.39E-3 262 5.84E-3 -3.95E-3
165 3.22E-3 -2.36E-3 214 7.21 E-4 -3.49E-3 263 1.45E-4 -6.46E-4
166 2.30E-3 -7.03E-5 215 3.47E-4 -1.44E-3 264 5.73E-3 -2.69E-3
167 2.83E-3 -8.60E-4 216 6.45E-3 -4.40E-3 265 5.97E-3 -3.88E-3
168 7.72E-3 -5.77E-4 217 1.29E-2 -6.59E-3 266 8.73E-3 -3.39E-3
169 9.45E-3 -2.27E-3 218 9.95E-4 2.71E-3 267 9.17E-3 -6.43E-3
170 6.18E-3 -2.46E-3 219 -3.90E-4 -6.56E-3 268 8.66E-3 -5.98E-3
171 3.98E-3 -3.02E-3 220 8.33E-3 -6.71E-3 269 5.70E-3 -4.30E-3
172 1.90E-3 1.80E-3 221 6.60E-3 -4.87E-3 270 1.20E-2 -5.22E-3
173 8.85E-3 -2.88E-3 222 1.56E-2 -5.86E-3 271 8.15E-3 1.30E-4
174 1.17E-2 -1.64E-3 223 1.94E-2 -5.76E-3 272 1.14E-2 -8.31E-4
175 1.63E-2 -1.44E-3 224 1.79E-2 -3.00E-3 273 1.18E-2 -9.17E-4
176 3.23E-2 -8.12E-4 225 7.53E-3 -4.06E-4 274 9.29E-3 -1.47E-3
177 5.04E-3 -4.32E-4 226 7.56E-3 -6.70E-4 275 8.02E-3 6.82E-4
178 4.40E-3 -9.49E-4 227 7.32E-3 -3.06E-3 276 8.75E-3 -1.91E-3
179 4.89E-3 -1.57E-3 228 1.02E-2 -2.77E-3 277 7.71E-3 -2.63E-3
180 5.12E-3 -9.87E-4 229 3.01E-3 -1.94E-3 278 3.08E-4 -3.38E-3
181 2.18E-3 -1.64E-3 230 -1.04E-3 -2.97E-3 279 7.07E-3 -4.17E-3
182 4.59E-3 -6.51E-4 231 7.70E-3 -6.36E-3 280 2.67E-3 -4.62E-3
183 5.27E-3 -1.66E-3 232 5.54E-3 -4.77E-3 281 7.01E-3 -5.33E-3
184 3.40E-3 -1.57E-3 233 6.62E-3 -8.73E-3 282 5.10E-4 -6.78E-4
185 7.21E-3 -4.50E-3 234 5.47E-3 -2.29E-3 283 8.46E-3 -6.60E-3
186 9.15E-3 -6.34E-3 235 3.49E-3 -2.75E-3 284 7.67E-3 -6.71E-3
187 8.16E-3 -4.43E-3 236 5.33E-3 -1.14E-2 285 5.67E-3 -3.86E-3
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286 3.38E-3 -4.86E-3 319 1.63E-3 7.68E-4 352 4.45E-3 -4.19E-4
287 4.62E-4 -3.08E-3 320 -8.10E-4 1.97E-3 353 1.70E-2 -3.20E-3
288 7.35E-3 -3.08E-4 321 1.30E-2 -2.24E-3 354 1.10E-2 -4.89E-3
289 1.16E-2 -1.21E-3 322 1.11E-2 -2.09E-3 355 5.07E-4 -7.07E-3
290 1.24E-2 -3.01E-3 323 8.51E-3 -2.47E-3 356 7.19E-3 -6.09E-3
291 5.19E-3 -2.05E-3 324 5.82E-3 -1.76E-3 357 3.88E-3 -1.97E-3
292 9.59E-3 -2.69E-3 325 1.89E-3 -1.80E-3 358 7.24E-3 -1.20E-3
293 6.62E-3 -4.45E-3 326 2.58E-3 -2.27E-3 359 1.05E-2 -5.48E-3
294 8.14E-3 -4.17E-3 327 1.08E-2 -5.06E-3 360 5.35E-3 -1.47E-4
295 9.63E-3 -2.18E-3 328 1.05E-2 -4.63E-3 361 8.44E-3 -4.48E-3
296 7.62E-3 -6.47E-3 329 5.56E-3 -1.60E-3 362 7.42E-3 -3.93E-3
297 4.88E-3 -5.36E-3 330 -9.12E-4 -1.60E-3 363 7.37E-3 -1.84E-3
298 6.78E-3 -4.17E-3 331 -5.47E-3 -9.62E-4 364 6.23E-3 -2.90E-3
299 1.02E-2 -5.59E-3 332 3.26E-4 -2.68E-3 365 6.80E-3 1.53E-3
300 5.74E-3 -8.02E-3 333 6.69E-3 3.13E-4 366 9.69E-3 1.88E-3
301 1.25E-2 -9.39E-3 334 2.73E-3 -2.46E-3 367 -1.32E-3 -1.21E-3
302 8.99E-3 -2.01E-3 335 -3.99E-4 -8.84E-4 368 7.94E-4 1.98E-3
303 4.57E-3 -3.24E-3 336 2.30E-3 3.94E-4 369 1.87E-2 -5.19E-3
304 1.40E-2 6.49E-5 337 1.31E-2 -2.71E-3 370 1.10E-2 -7.78E-3
305 1.18E-2 -1.33E-3 338 1.20E-2 -4.08E-3 371 2.90E-3 -2.81E-3
306 1.07E-2 -1.98E-3 339 7.35E-3 -4.57E-3 372 3.37E-3 -2.10E-3
307 4.28E-3 -1.87E-3 340 7.35E-3 -3.30E-3 373 3.99E-4 -5.53E-3
308 1.17E-3 -1.68E-3 341 6.66E-3 -1.53E-3 374 -4.07E-4 -1.87E-3
309 -3.41E-3 -5.89E-4 342 7.26E-3 -2.46E-3 375 6.39E-4 -4.75E-5
310 -1.83E-3 -2.12E-3 343 4.95E-3 -1.45E-3 376 -5.68E-4 -1.57E-3
311 -2.96E-3 -4.08E-3 344 5.23E-3 -6.10E-3 377 -1.61E-3 1.29E-3
312 4.40E-3 -2.80E-3 345 5.97E-3 -5.00E-3 378 4.78E-3 2.64E-3
313 5.00E-3 -4.13E-3 346 7.55E-3 -1.44E-3 379 2.12E-3 1.79E-3
314 5.71E-3 -1.25E-3 347 8.29E-3 -2.43E-3 380 3.79E-3 1.65E-3
315 -7.03E-4 -2.42E-3 348 2.64E-3 1.17E-3 381 -2.48E-4 1.90E-3
316 -4.02E-3 -2.02E-3 349 -2.80E-3 -2.43E-3 382 2.88E-3 1.52E-3
317 3.62E-3 -3.36E-5 350 -8.88E-4 1.89E-3 383 1.97E-3 -1.46E-4
318 2.87E-3 4.46E-3 351 7.77E-3 -8.11 E-4 384 1.01E-3 1.04E-3
198
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF2d
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 3.56E-4 -1.23E-3 47 1.47E-2 5.55E-3 93 5.48E-3 -2.97E-3
2 1.16E-3 -1.70E-3 48 4.16E-2 1.98E-3 94 4.04E-3 -7.74E-5
3 5.65E-4 -1.66E-3 49 4.00E-3 -1.34E-3 95 3.02E-2 -3.70E-3
4 1.22E-3 -1.30E-3 50 3.20E-3 -1.69E-3 96 3.19E-2 -6.87E-4
5 1.51E-3 -3.94E-5 51 3.16E-3 5.79E-4 97 5.19E-3 -2.56E-4
6 1.52E-3 -2.22E-3 52 1.03E-3 -1.72E-3 98 4.87E-3 -1.88E-4
7 3.98E-4 -2.44E-4 53 5.08E-3 2.62E-4 99 5.84E-3 -3.33E-3
8 2.29E-3 1.00E-3 54 7.69E-3 4.56E-5 100 6.08E-3 -2.63E-3
9 2.18E-3 -1.13E-3 55 3.55E-3 1.28E-3 101 6.54E-3 -1.40E-3
10 2.94E-3 -4.41 E-4 56 3.92E-3 -2.11E-3 102 7.12E-3 -7.14E-4
11 1.43E-3 -3.93E-4 57 1.59E-3 4.04E-3 103 3.67E-3 -1.92E-3
12 1.86E-3 1.30E-3 58 4.04E-3 2.07E-3 104 1.12E-2 -1.57E-3
13 1.17E-3 4.54E-3 59 8.72E-3 -9.01 E-4 105 3.44E-3 8.92E-4
14 4.41E-5 5.12E-3 .60 6.38E-3 6.62E-4 106 9.19E-3 -6.85E-4
15 2.75E-2 9.76E-3 61 1.20E-2 -1.09E-3 107 1.75E-2 -8.38E-3
16 3.93E-2 4.46E-3 62 -2.84E-3 4.97E-3 108 1.59E-2 -6.64E-3
17 1.22E-3 -7.86E-4 63 2.33E-2 8.18E-4 109 1.72E-3 -5.37E-3
18 1.38E-3 -4.42E-4 64 3.52E-2 9.03E-4 110 5.40E-3 1.43E-3
19 2.58E-3 -1.95E-3 65 2.68E-3 -4.91 E-4 111 1.51E-2 2.04E-3
20 2.82E-3 -3.23E-3 66 4.61E-3 -8.43E-4 112 2.87E-2 9.88E-5
21 -7.91 E-4 -1.47E-3 67 4.35E-3 -1.71E-3 113 6.83E-3 2.30E-4
22 1.53E-3 -3.10E-4 68 1.20E-3 2.62E-5 114 7.12E-3 -5.87E-4
23 5.75E-3 6.10E-4 69 1.69E-3 -8.32E-4 115 6.43E-3 -7.30E-4
24 6.82E-3 7.12E-3 70 4.74E-3 -1.14E-3 116 1.01E-2 -1.89E-3
25 2.23E-3 1.94E-3 71 1.47E-3 1.07E-3 117 7.52E-3 -3.42E-3
26 4.68E-3 9.50E-4 72 5.45E-3 -8.90E-4 118 8.30E-3 -1.45E-4
27 -2.90E-3 6.07E-3 73 2.68E-3 -1.44E-3 119 9.43E-3 -2.32E-4
28 -8.32E-4 4.4.5E-3 74 ; 3.44E-3 -3.92E-3 120 8.77E-3 -5.74E-4
29 -5.95E-3 1.01E-3 75 8.71E-3 -5.59E-3 121 9.98E-3 -3.42E-3
30. 5.05E-4 3.79E-3 76 3.35E-3 -3.38E-3 122 6.55E-3 -5.31E-3
31 2.38E-2 7.39E-3 77 2.13E-4 -4.80E-4 123 9.28E-3 -7.11E-3
32 3.39E-2 6.99E-3 78 8.00E-4 1.26E-3 124 1.41E-2 -3.82E-3
33 1.36E-3 8.68E-5 79 2.30E-2 -3.65E-3 125 6.78E-3 -2.12E-3
34 -2.24E-4 -2.43E-3 80 3.78E-2 8.92E-4 126 5.57E-3 -3.95E-3
35 1.40E-3 -7.62E-4 81 3.71E-3 5.99E-4 127 1.83E-2 -3.59E-4
36 3.00E-3 -2.66E-3 82 7.77E-3 -3.51E-3 128 3.95E-2 -2.41E-3
37 2.33E-3 -4.95E-4 83 4.14E-3 -3.68E-3 129 7.14E-3 -7.60E-4
38 2.02E-3 -1.20E-3 84 6.73E-3 1.13E-4 130 8.77E-3 -1.70E-3
39 5.55E-3 1.38E-5 85 6.11E-3 4.87E-4 131 5.40E-3 -2.15E-3
40 3.25E-3 2.76E-3 86 8.41E-3 -7.10E-4 132 2.06E-3 5.06E-5
41 . 5.18E-4 2.82E-4 87 7.47E-3 7.50E-5 133 4.86E-3 5.45E-4
42 8.82E-4 2.22E-3 88 8.19E-3 3.30E-3 134 1.84E-3 -6.28E-3
43 2.54E-3 -1.88E-3 89 2.53E-3 -2.77E-3 135 3.36E-3 -2.30E-3
44 2.30E-3 4.69E-4 90 1.07E-2 -8.30E-3 136 2.64E-3 -9.70E-4
45 4.20E-3 2.98E-3 91 1.10E-2 -3.60E-3 137 7.46E-3 -3.17E-3
46 7.45E-3 2.89E-3 92 8.40E-3 -9.66E-3 138 5.14E-3 9.50E-6
199
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 6.68E-3 -2.62E-3 188 3.68E-3 -1.99E-3 237 2.75E-3 -1.20E-3
140 4.67E-3 6.17E-4 189 3.72E-3 6.92E-4 238 4.31E-3 -2.52E-4
141 -2.50E-4 2.85E-3 190 5.72E-3 -3.17E-3 239 7.71E-3 -1.77E-3
142 7.85E-3 7.54E-5 191 1.93E-2 -2.32E-3 240 8.68E-3 1.53E-3
143 2.03E-2 1.53E-3 192 3.17E-2 3.35E-4 241 9.99E-3 -4.38E-4
144 3.23E-2 -2.29E-3 193 7.81E-3 -1.74E-4 242 1.22E-2 -2.42E-3
145 6.48E-3 -1.29E-3 194 7.49E-3 -7.90E-4 243 8.15E-3 -2.64E-4
146 7.92E-3 -1.86E-3 195 8.59E-3 -3.74E-4 244 4.97E-3 -9.57E-4
147 5.33E-3 -4.34E-4 196 1.00E-2 2.83E-3 245 -1.59E-3 1.86E-4
148 9.35E-3 -2.37E-3 197 8.77E-3 -1.17E-3 246 -7.33E-3 5.68E-4
149 7.02E-3 -3.15E-3 198 -5.02E-3 -2.23E-4 247 1.08E-4 5.11E-4
150 3.92E-3 -4.44E-3 199 7.87E-3 -2.75E-3 248 -6.15E-3 -4.16E-3
151 5.21E-3 -1.91E-3 200 -3.13E-3 -6.39E-4 249 2.93E-3 -2.32E-3
152 9.31 E-4 1.12E-3 201 7.98E-3 -5.26E-3 250 8.62E-3 -7.27E-3
153 6.84E-3 -2.07E-3 202 6.40E-3 -7.02E-3 251 5.63E-3 -3.78E-3
154 8.55E-3 -1.53E-3 203 4.56E-3 -4.27E-3 252 -9.90E-5 -1.53E-3
155 6.91E-3 2.64E-3 204 4.39E-3 -3.75E-3 253 5.07E-3 -3.04E-3
156 6.47E-3 3.32E-3 205 4.66E-3 -6.44E-3 254 7.44E-3 -1.12E-3
157 4.89E-3 3.73E-3 206 8.71E-3 -5.19E-3 255 5.35E-3 1.87E-3
158 9.49E-3 2.69E-4 207 1.26E-2 -4.97E-3 256 4.93E-3 1.43E-3
159 3.59E-2 4.99E-3 208 3.08E-2 3.99E-3 257 8.39E-3 -1.10E-3
160 3.12E-2 -1.55E-3 209 6.77E-3 -8.54E-4 258 1.36E-2 -2.71 E-3
161 9.27E-3 -1.63E-3 210 9.24E-3 -1.58E-3 259 7.94E-3 -2.15E-3
162 6.33E-3 -1.32E-3 211 1.10E-2. -2.23E-3 260 5.39E-4 -2.73E-4
163 8.07E-3 -1.48E-3 212 7.71E-3 -2.42E-3 261 -1.66E-3 -1.02E-3
164 7.14E-3 -5.59E-3 213 2.72E-3 -2.38E-3 262 -7.14E-3 2.25E-4
165 6.56E-3 -3.16E-3 214 -6.07E-3 2.88E-3 263 -6.81E-3 5.76E-4
166 9.33E-3 -4.86E-4 215 -2.58E-3 1.19E-4 264 -3.13E-3 -6.84E-4
167 5.80E-4 -2.07E-4 216 3.52E-3 3.94E-5 265 -4.21 E-4 -5.34E-4
168 4.31E-3 -1.48E-3 217 2.59E-3 -2.78E-3 266 2.38E-3 1.91 E-3
169 4.82E-3 1.54E-3 218 3.89E-3 7.56E-4 267 1.24E-3 8.06E-3
170 5.73E-3 1.73E-3 219 -1.25E-3 4.20E-3 268 8.24E-4 1.91E-3
171 3.50E-3 -1.10E-3 220 -2.06E-3 9.68E-4 269 5.43E-3 9.22E-3
172 4.47E-3 -1.81E-3 221 4.83E-3 -5.29E-3 270 6.56E-3 1.58E-4
173 -9.82E-4 8.39E-4 222 5.13E-3 -2.18E-3 271 7.89E-3 3.25E-3
174 5.66E-3 -5.99E-4 223 1.20E-2 -2.53E-3 272 4.81E-3 2.17E-3
175 2.00E-2 -2.12E-3 224 8.60E-3 7.10E-4 273 1.30E-2 -1.64E-3
176 3.07E-2 -1.18E-3 225 1.30E-2 5.95E-4 274 1.19E-2 -2.04E-3
177 9.54E-3 -1.22E-3 226 1.25E-2 -1.21E-3 275 7.19E-3 -1.04E-3
178 6.26E-3 -2.57E-3 227 8.75E-3 -2.53E-3 276 1.25E-3 -2.95E-3
179 8.07E-3 -1.42E-3 228 -1.49E-3 -1.18E-3 277 -1.38E-3 2.01E-3
180 2.79E-3 -1.39E-4 229 9.84E-4 -2.37E-3 278 -6.68E-4 -2.62E-3
181 -3.45E-3 1.43E-3 230 4.80E-3 -4.96E-4 279 -8.12E-3 -1.61E-3
182 -4.03E-3 -1.71 E-4 231 6.08E-3 8.65E-4 280 -4.97E-3 -1.09E-3
183 5.65E-3 -2.68E-3 232 1.49E-3 -3.66E-3 281 -4.41 E-3 6.51 E-4
184 5.01E-3 2.94E-3 233 1.57E-3 -1.64E-3 282 -4.74E-3 -1.23E-3
185 2.98E-3 3.58E-3 234 4.88E-3 -3.42E-3 283 -2.39E-3 -1.03E-3
186 2.66E-3 -1.04E-3 235 3.31E-3 -6.82E-3 284 -3.60E-3 6.84E-4
187 -8.53E-4 -1.09E-3 236 -1.05E-4 -2.35E-4 285 -3.25E-3 7.29E-4
200
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 1.26E-2 8.88E-5 319 1.28E-2 3.85E-4 352 1.28E-2 4.53E-3
287 • 1.68E-3 4.45E-3 320 2.69E-3 9.36E-4 353 1.88E-2 -1.89E-3
288 2.85E-4 2.43E-3 321 1.25E-2 -1.61E-3 354 1.23E-2 -2.41 E-3
289 1.22E-2 -8.16E-4 322 1.09E-2 -3.04E-3 355 5.50E-3 -4.87E-3
290 9.75E-3 -1.07E-3 323 6.04E-3 -2.13E-3 356 4.50E-4 -1.50E-3
291 5.44E-3 -2.22E-3 324 1.39E-4 -2.46E-3 357 -4.98E-4 -3.08E-3
292 5.94E-4 1.31 E-4 325 -3.02E-3 -1.08E-3 358 1.62E-3 1.48E-4
293 1.22E-3 -2.86E-3 326 -5.65E-4 -9.98E-4 359 2.70E-3 -4.49E-4
294 2.24E-3 -1.19E-3 327 -1.46E-3 -1.10E-3 360 -5.55E-4 -2.00E-3
295 -3.33E-3 -2.46E-4 328 -1.11 E-3 -4.56E-4 361 -9.81 E-4 1.48E-3
296 4.40E-3 -5.35E-4 329 2.59E-3 2.79E-5 362 7.45 E-4 9.82E-5
297 8.09E-3 -1.47E-3 330 6.28E-3 5.12E-4 363 4.73E-5 2.19E-4
298 2.31E-3 -9.15E-4 331 1.04E-3 5.60E-4 364 4.87E-3 -3.21 E-3
299 7.75E-3 1.25E-4 332 8.34E-3 3.85E-4 365 2.03E-3 -2.66E-3
300 4.77E-3 -3.29E-3 333 5.68E-3 1.04E-3 366 6.07E-3 4.22E-4
301 8.58E-3 -2.22E-3 334 7.92E-3 4.11E-4 367 4.57E-3 3.33E-3
302 6.37E-4 9.20E-4 335 6.02E-3 2.25E-3 368 9.94E-3 6.31 E-3
303 9.87E-3 -5.36E-4 336 1.35E-3 8.86E-4 369 1.90E-2 -4.57E-3
304 5.44E-3 1.61 E-3 337 1.66E-2 -1.73E-3 370 1.05E-2 -5.13E-3
305 9.58E-3 -1.53E-3 338 7.09E-3 -3.24E-3 371 5.09E-3 -4.38E-3
306 7.00E-3 -2.55E-3 339 4.67E-3 -3.41 E-3 372 9.77E-4 -2.20E-3
307 6.68E-3 -2.64E-3 340 -3.40E-3 -1.81E-3 373 -1.60E-3 -2.07E-3
308 5.99E-3 -2.93E-3 341 -7.24E-4 -9.49E-4 374 -5.79E-4 -4.69E-4
309 6.66E-4 1.49E-3 342 -1.36E-3 -1.66E-3 375 -1.34E-3 -2.05E-3
310 1.10E-3 -3.19E-4 343 3.07E-3 -2.09E-3 376 -1.14E-3 -1.61E-3
311 1.81 E-3 -8.26E-4 344 2.14E-3 -1.62E-3 377 2.74E-3 1.30E-3
312 1.67E-3 -1.01E-3 345 -4.04E-3 9.99E-4 .378 -8.05E-4 -3.64E-3
313 8.02E-3 2.78E-3 346 -4.38E-3 -1.33E-3 379 1.88E-3 5.22E-4
314 5.52E-3 -7.91 E-4 347 -5.02E-3 -3.80E-3 380 -3.17E-4 -1.92E-3
315 3.62E-3 3.53E-4 348 -2.97E-3 -3.21 E-3 381 1.23E-3 8.30E-5
316 6.91E-3 -8.16E-4 349 3.66E-3 1.55E-3 382 1.57E-3 3.61E-4
317 7.13E-3 2.99E-3 350 5.36E-3 4.98E-3 383 3.30E-3 1.87E-3
318 2.40E-3 -1.70E-3 351 2.86E-3 9.55E-3 384 3.10E-3 2.26E-3
201
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF2e
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 1.69E-4 -1.08E-3 47 1.10E-2 4.42E-3. 93 7.83E-3 2.68E-3
2 9.32E-4 -1.21E-3 48 3.30E-2 2.77E-3 94 9.55E-3 6.12E-5
3 1.32E-3 -4.2 3 E-4 49 2.32E-3 -7.45E-4 95 1.13E-2 -2.56E-3
4 8.13E-4 -1.46E-5 50 1.27E-3 -2.44E-4 96 3.11E-2 -4.40E-3
5 7.08E-4 -8.83E-4 51 3.90E-4 -1.46E-3 97 4.73E-3 -1.17E-3
6 1.29E-3 4.39E-4 52 -1.00E-3 -4.48E-4 98 4.85E-3 -6.13E-4
7 1.21 E-3 -2.51 E-3 53 -2.72E-3 -2.76E-3 99 1.07E-4 -8.86E-4
8 1.23E-3 -9.15E-4 54 -2.43E-3 -4.66E-4 100 -1.79E-3 -1.44E-3
9 3.18E-3 -6.09E-4 55 -1.89E-3 -2.18E-3 101 1.04E-4 -8.36E-4
10 1.37E-3 8.01 E-4 56 -5.97E-3 -3.73E-4 102 -2.34E-3 -1.43E-3
11 3.24E-3 1.31 E-3 57 -5.19E-3 2.53E-3 103 -2.79E-3 2.90E-4
12 6.14E-3 4.04E-3 58 4.52E-3 1.79E-3 104 -4.97E-3 -3.31 E-4
13 3.18E-3 4.20E-3 59 8.27E-3 -1.03E-4 105 -1.19E-3 8.84E-4
14 7.09E-3 2.99E-3 60 1.77E-2 -6.50E-3 106 6.14E-3 1.12E-3
15 2.50E-2 1.11E-2 61 1.79E-2 -4.08E-3 107 1.05E-3 2.58E-3
16 3.47E-2 4.30E-3 62 5.89E-3 1.04E-3 108 7.42E-3 1.82E-3
17 1.54E-3 -6.11E-4 63 1.17E-2 6.45E-4 109 3.87E-3 -1.30E-3
18 1.64E-3 -4.68E-4 64 2.85E-2 -1.43E-3 110 4.49E-3 -3.97E-3
19 7.79E-4 -1.60E-3 65 2.40E-3 -5.55E-4 111 1.51E-2 -4.09E-3
20 2.55E-3 -1.72E-3 66 1.55E-3 -1.74E-3 112 3.22E-2 -4.31 E-3
21 2.54E-3 -1.99E-3 67 -8.43E-4 -7.89E-4 113 4.81 E-3 -6.63E-4
22 1.25E-4 -3.20E-3 68 -7.76E-4 -8.47E-4 114 3.06E-3 -9.43E-4
23 3.55E-3 -6.59E-4 69 6.09E-4 -1.10E-3 115 3.82E-3 6.50E-4
24 3.08E-3 8.19E-4 70 -1.94E-3 -2.41E-3 116 -1.31 E-3 7.65E-5
25 4.79E-3 -3.22E-3 71 4.53E-3 -1.57E-3 117 -2.77E-3 -7.06E-4
26 5.91E-3 1.23E-3 72 -4.07E-3 -1.26E-4 118 -1.55E-3 -1.99E-3
27 4.97E-3 4.98E-3 73 2.48E-3 -2.00E-4 119 -5.77E-3 5.28E-4
28 4.40E-4 4.89E-3 74 5.99E-3 -4.69E-4 120 -1.06E-2 2.10E-3
29 3.81E-3 5.90E-3 75 9.42E-3 1.05E-3 121 -9.72E-3 2.18E-4
30 1.69E-2 3.65E-3 76 1.46E-2 -6.66E-3 122 -4.90E-3 1.51 E-3
31 1.81E-2 7.54E-3 77 1.34E-2 -2.11 E-3 123 -7.58E-3 3.31E-3
32 2.90E-2 9.14E-4 78 3.31E-3 3.86E-3 • 124 -6.17E-4 7.22E-3
33 2.08E-3 -6.15E-4 79 7.77E-3 1.27E-3 125 4.59E-3 -4.41 E-3
34 2.47E-3 -5.31 E-4 80 3.05E-2 -2.72E-3 126 5.57E-3 -3.50E-3
35 3.06Et3 1.97E-4 81 4.96E-3 -2.34E-4 127 1.78E-2 -8.03E-3
36 3.85E-4 -1.40E-3 82 5.71 E-3 -7.41 E-4 128 2.28E-2 -2.03E-3
37 -1.19E-3 1.51 E-4 83 4.13E-3 -3.49E-4 129 2.05E-3 -1.74E-3
38 1.17E-3 -1.16E-3 84 4.02E-4 1.56E-4 130 2.87E-3 -8.67E-4
39 7.20E-4 9.23E-4 85 -9.67E-4 -2.10E-3 131 2.25E-3 -1.05E-3
40 -3.16E-3 1.21 E-3 86 -1.24E-3 1.02E-3 132 8.35E-4 -3.28E-4
41 4.93E-3 -9.00E-4 87 -4.68E-3 -5.32E-3 133 -1.86E-3 -2.47E-3
42 6.20E-3 1.42E-3 88 3.28E-3 2.65E-3 134 -2.89E-3 -3.88E-4
43 6.25E-3 -5.46E-4 89 -8.17E-4 -3.15E-6 135 -6.25E-3 1.51 E-3
44 1.24E-2 -4.61 E-3 90 1.22E-2 -2.20E-3 136 2.45E-3 -1.56E-3
45 1.96E-2 -2.59E-3 91 1.72E-2 -3.32E-3 137 3.96E-3 3.00E-3
46 1.20E-2 -1.17E-3 92 1.03E-2 -2.65E-3 138 4.03E-3 2.63E-3
202
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 7.66E-3 -1.11 E-3 188 -2.85E-3 2.00E-3 237 6.23E-3 -3.59E-4
140 6.75E-3 9.44E-3 189 7.90E-3 1.27E-5 238 1.28E-2 1.97E-3
141 3.61E-2 2.29E-3 190 6.48E-3 -3.28E-3 239 5.32E-3 2.44E-3
142 3.22E-2 -1.26E-3 191 1.18E-2 -3.59E-3 240 5.62E-3 3.31E-3
143 2.53E-2 3.35E-3 192 1.01E-2 3.56E-4 241 1.08E-2 -1.04E-3
144 3.05E-2 7.48E-3 193 8.31 E-3 -8.61E-4 242 9.80E-3 -7.73E-5
145 4.18E-3 -7.99E-4 194 6.18E-3 -1.23E-3 243 6.58E-3 -9.27E-4
146 1.84E-3 -1.40E-3 195 3.04E-3 -1.21E-3 244 2.64E-3 -1.21 E-3
147 7.83E-4 -1.21E-3 196 1.60E-3 -1.72E-3 245 -3.02E-3 5.97E-4
148 -3.07E-3 -1.09E-3 197 - 9.83E-4 -1.3 3 E-3 246 -6.14E-3 8.06E-4
149 -4.49E-3 -1.67E-3 198 -2.00E-3 -3.58E-4 247 -7.68E-3 -2.51 E-4
150 -2.17E-3 2.78E-4 199 -3.17E-3 6.32E-4 248 -5.87E-3 -2.37E-4
151 -6.35E-3 1.67E-4 200 -3.87E-3 4.53E-4 249 4.37E-3 -1.51E-3
152 -5.55E-3 -8.21E-5 201 -1.36E-3 7.69E-4 250 -6.31 E-4 -2.23E-3
153 2.98E-3 -1.25E-3 202 -3.50E-3 -2.33E-4 251 -3.51E-3 -3.07E-3
154 -3.62E-4 3.08E-3 203 -1.87E-3 7.20E-4 252 7.57E-3 5.76E-3
155 -3.3 5 E-4 -2.95E-3 204 1.83E-3 3.00E-3 253 1.40E-2 2.96E-3
156 6.66E-3 -5.39E-3 205 1.90E-2 2.52E-3 254 1.04E-2 7.43E-3
157 1.30E-2 -9.55E-3 206 1.56E-2 2.04E-3 255 1.12E-2 4.81 E-3
158 1.35E-2 -7.76E-3 207 1.67E-2 -6.11E-5 256 2.29E-3 2.89E-3
159 6.99E-3 -5.78E-3 208 3.03E-3 3.48E-3 257 9.33E-3 -7.95E-4
160 1.12E-2 -1.50E-3 209 8.15E-3 -8.75E-4 258 6.08E-3 -9.04E-4
161 6.98E-3 -1.07E-3 210 3.26E-3 -1.14E-3 259 8.22E-3 -1.37E-3
162 6.04E-4 -1.05E-4 211 3.62E-3 -2.11 E-3 260 4.14E-3 -3.47E-4
163 4.05E-3 5.18E-4 212 6.95E-5 -1.30E-3 261 -6.28E-4 -2.62E-4
164 -7.02E-5 4.64E-4 213 -4.14E-3 -4.61 E-4 262 -8.50E-4 -3.07E-4
165 -2.88E-3 -2.14E-3 214 3.23E-4 -2.73E-5 263 1.61 E-4 -1.12E-4
166 -3.39E-3 -9.12E-4 215 -5.17E-3 9.64E-4 264 -3.30E-3 1.02E-4
167 -6.88E-3 2.10E-4 216 -3.81E-3 6.59E-4 265 -3.15E-3 -4.51 E-4
168 -9.68E-3 4.92E-4 217 -6.79E-3 -1.57E-3 266 -3.44E-3 -1.42E-3
169 -7.73E-3 9.69E-4 218 -6.49E-3 4.13E-4 267 -1.20E-3 6.28E-4
170 7.92E-3 4.09E-3 219 4.92E-3 3.70E-3 268 -1.36E-3 1.05E-3
171 5.31E-3 1.01E-3 220 -1.66E-3 1.01 E-3 269 9.05E-3 1.91E-2
172 1.06E-3 2.11 E-3 221 1.81E-3 1.28E-3 270 2.01E-2 1.53E-2
173 5.98E-3 -2.82E-3 222 1.22E-2 -2.17E-3 271 1.38E-2 1.53E-2
174 7.08E-3 -9.75E-4 223 5.02E-4 8.47E-3 272 1.66E-3 3.67E-3
175 1.18E-2 -1.66E-3 224 1.12E-2 8.09E-4 273 1.19E-2 -9.64E-4
176 5.40E-3 -7.14E-4 225 6.92E-3 -7.37E-4 274 9.90E-3 -1.05E-3
177 9.51E-3 1.17E-3 226 8.06E-3 4.44E-5 275 7.05E-3 -1.52E-3
.178 4.27E-3 6.47E-4 227 5.67E-3 -8.13E-4 276 4.30E-3 -9.08E-4
179 1.61E-3 -8.60E-4 228 9.58E-4 -1.28E-3 277 6.49E-5 -7.24E-4
180 3.89E-3 1.25E-3 229 -1.13E-3 -2.95E-3 278 -2.42E-3 -7.48E-4
181 -2.50E-3 3.76E-4 230 -6.86E-3 1.88E-3 279 -1.94E-3 -9.79E-4
182 -6.88E-3 -1.76E-3 231 -5.90E-3 -2.92E-4 280 -2.10E-3 -5.45E-4
183 -6.91E-3 -3.40E-3 232 -3.97E-3 -1.75E-3 281 -2.82E-3 -1.30E-3
184 -1.21E-3 7.75E-3 233 -7.95E-3 -7.67E-4 282 2.29E-3 -2.43 E-4
185 -4.15E-4 2.79E-4 234 -1.30E-2 -7.81 E-4 283 -5.92E-3 -2.96E-3
186 7.00E-3 4.77E-3 235 7.63E-3 2.62E-3 284 1.62E-3 7.78E-4
187 -1.15E-2 5.73E-3 236 3.63E-3 2.97E-3 285 -1.36E-3 1.43E-4
203
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 3.64E-3 3.32E-3 319 6.54E-3 2.47E-3 352 1.07E-3 1.28E-3
287 6.24E-3 2.96E-3 320 8.24E-3 5.42E-3 353 1.89E-2 -2.72E-3
288 9.1-7E-3 5.01E-3 321 1.51E-2 -1.87E-3 354 9.98E-3 -3.12E-3
289 1.25E-2 -9.69E-4 322 1.08E-2 -2.86E-3 355 7.79E-3 -2.69E-3
290 7.88E-3 -1.49E-3 323 6.42E-3 -3.64E-3 356 -1.97E-4 4.77E-5
291 6.57E-3 -1.44E-3 324 5.06E-3 -5.13E-4 357 -1.06E-6 -1.30E-3
292 2.16E-3 -7.32E-4 325 3.32E-3 -1.15E-3 358 -1.85E-3 -1.09E-3
293 -2.64E-3 -8.44E-4 326 -1.94E-3 -2.24E-3 359 9.42E-5 -1.05E-3
294 -2.05E-3 -3.85E-4 327 9.83E-4 -1.03E-3 360 -5.69E-4 -1.15E-3
295 -1.45E-3 -1.06E-3 328 1.70E-3 -2.38E-4 361 -1.17E-3 -1.19E-3
296 -1.28E-3 -1.09E-3 329 -1.28E-3 -3.03E-3 362 -9.85E-4 -1.14E-4
297 -2.53E-3 -2.05E-4 330 -2.03E-3 8.78E-4 363 -1.19E-4 -6.93E-4
298 1.75E-4 -5 91 E-4 331 -8.69E-4 -1.12E-4 364 2.54E-3 1.16E-4
299 -3.96E-3 -1.31E-3 332 1.82E-4 -1.45E-4 365 -5.50E-4 9.60E-4
300 4.87E-4 -6.19E-5 333 -1.93E-3 -1.77E-4 366 5.95E-3 -5.05E-4
301 3.36E-3 1.70E-3 334 7.78E-3 4.00E-3 367 2.32E-3 3.96E-4
302 6.27E-3 1.65E-3 335 5.16E-3 4.28E-4 368 1.03E-3 6.19E-4
303 9.70E-3 3.60E-3 336 6.35E-3 3.18E-3 369 2.00E-2 -4.07E-3
304 1.34E-2 4.52E-3 337 1.48E-2 -2.60E-3 370 1.34E-2 -5.08E-3
305 1.44E-2 -1.38E-3 338 9.85E-3 -3.49E-3 371 2.45E-3 -1.99E-3
306 1.03E-2 -2.01E-3 339 4.51 E-3 -2.75E-3 372 4.12E-4 -2.86E-3
307 6.09E-3 -1.71E-3 340 2.39E-3 -6.94E-4 373 1.55E-5 -1.28E-3
308 2.43E-3 -1.16E-3 341 1.49E-3 -5.28E-4 374 -5.83E-4 -7.74E-4
309 7.17E-4 -1.40E-3 342 -1.63E-3 -1.79E-3 375 2.09E-4 -6.89E-4
310 -1.39E-3 -3.53E-4 343 -1.32E-3 -2.56E-3 37.6 -2.71 E-4 3.45E-3
311 -4.35E-3 -9.21 E-4 344 -2.84E-3 -2.79E-3 377 -3.17E-4 1.47E-4
312 -4.45E-4 -1.20E-3 345 -2.22E-3 3.23E-4 378 -4.02E-4 -3.30E-6
313 -3.40E-3 -1.44E-3 346 -3.99E-3 6.51 E-4 379 -3.71E-5 4.42E-4
314 -5.46E-3 -1.90E-3 347 -3.67E-3 -1.14E-3 380 2.44E-4 -1.29E-4
315 -3.59E-3 -4.48E-4 348 -8.41E-4 8.58E-4 381 1.77E-3 2.55E-3
316 7.94E-4 -2.13E-4 349 6.17E-5 -2.64E-3 382 1.91 E-4 -2.71 E-4
317 5.05E-3 1.46E-3 350 8.18E-3 7.85E-4 383 -2.55E-5 1.79E-3
318 6.37E-3 3.14E-3 351 -1.58E-3 1.36E-3 384 1.38E-3 2.05E-3
204
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF3a
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 -2.88E-3 -2.79E-4 47 1.74E-2 4.64E-3 93 1.24E-2 5.95E-3
2 -4.04E-4 -4.91 E-4 48 5.15E-2 3.73E-3 94 2.00E-2 3.75E-3
3 . -6.65E-3 3.15E-3 49 1.82E-3 3.81E-3 95 2.99E-2 6.68E-4
4 -5.47E-3 2.51E-3 50 -4.25E-3 1.02E-2 96 4.78E-2 -5.44E-4
5 -4.83E-3 7.12E-3 51 4.40E-4 9.65E-3 97 -1.56E-2 2.03E-3
6 -9.68E-4 7.96E-3 52 -9.53E-3 1.24E-2 98 -1.69E-2 4.77E-3
7 -7.75E-4 1.06E-2 53 -7.73E-3 1.12E-2 99 -1.59E-2 4.50E-3
8 3.12E-4 1.24E-2 54 -4.90E-3 8.28E-3 100 -1.2QE-2 1.00E-2
9 -3.60E-3 1.36E-2 55 -2.89E-3 1.13E-2 101 -6.31E-3 1.07E-2
10 5.23E-4 9.64E-3 56 4.86E-3 9.50E-3 102 -1.02E-2 1.39E-2
11 1.38E-3 8.58E-3 57 -8.90E-4 1.56E-2 103 -1.31E-3 1.08E-2
12 3.51 E-4 6.24E-3 58 6.53E-3 1.33E-2 104 -1.93E-3 1.10E-2
13 2.07E-3 7.82E-3 59 3.20E-3 8.54E-3 105 4.47E-3 7.27E-3
14 -1.41E-3 7.56E-3 60 3.84E-3 1.26E-2 106 7.66E-3 7.67E-3
15 1.61E-2 6.47E-3 61 9.05E-3 5.92E-3 107 6.98E-3 9.36E-3
16 4.84E-2 1.30E-2 62 1.26E-2 3.98E-3 108 1.17E-2 4.93E-4
17 -1.44E-3 1.73E-3 63 2.28E-2 2.40E-4 109 1.67E-2 1.12E-3
18 -2.22E-3 3.09E-3 64 3.80E-2 5.30E-3 110 1.66E-2 4.12E-3
19 -7.74E-3 7.89E-3 65 -1.73E-2 2.92E-3 111 3.32E-2 5.14E-4
20 -6.45E-3 6.94E-3 66 -7.14E-3 4.01E-3 112 4.39E-2 8.96E-4
21 -1.32E-3 7.66E-3 67 -1.03E-2 1.15E-2 113 -1.90E-2 6.89E-3
22 -2.46E-3 1.27E-2 68 -5.84E-3 1.10E-2 114 -1.60E-2 6.65E-3
23 -2.50E-3 7.84E-3 69 -4.98E-3 1.41E-2 115 -1.37E-2 8.00E-3
24 5.01 E-3 7.41E-3 70 -3.33E-3 7.40E-3 116 -1.51E-2 4.38E-3
25 • -2.92E-3 1.32E-2 71 -9.05E-3 1.50E-2 117 -1.44E-2 7.39E-3
26 -1.60E-3 8.29E-3 72 -7.52E-4 1.04E-2 118 -8.78E-3 7.00E-3
27 3.77E-3 6.02E-3 73 4.30E-3 1.31E-2 119 -1.90E-3 3.33E-3
28 6.80E-3 9.48E-3 74 6.41 E-3 9.30E-3 120 -3.35E-3 7.34E-3
29 4.61E-3 4.93E-3 75 6.09E-3 6.36E-3 121 -5.13E-4 8.43E-3
30 1.46E-3 7-.98E-3 76 6.38E-3 3.27E-3 122 9.10E-3 8.56E-3
31 1.75E-2 5.57E-3 77 1.24E-2 4.96E-3 123 1.20E-2 6.07E-3
32. 4.59E-2 5.72E-3 78 1.81E-2 4.13E-3 124 8.49E-3 6.68E-3
33 -1.87E-3 2.55E-3 79 2.64E-2 -2.10E-3 125 2.00E-2 2.94E-3
34 -1.22E-2 5.04E-3 80 4.27E-2 2.89E-3 126 2.15E-2 2.71E-3
35 -2.43E-3 5.74E-3 81 -1.27E-2 5.67E-3 127 3.48E-2 1.70E-3
36 -3.45E-4 2.77E-3 82 -1.53E-2 9.99E-3 128 4.34E-2 -3.44E-4
37 2.48E-3 5.88E-3 83 -4.81E-3 1.07E-2 129 -1.68E-2 4.18E-3
38 -8.14E-3 1.29E-2 84 -1.04E-2 1.22E-2 130 -1.73E-2 3.98E-3
39 9.89E-4 1.03E-2 85 -6.02E-3 7.76E-3 131 -1.42E-2 2.97E-3
40 3.11E-4 1.27E-2 86 -7.28E-3 8.56E-3 132 -8.09E-3 6.37E-3
41 -1.52E-3 1.35E-2 87 3.20E-3 1.03E-2 133 -8.06E-3 2.59E-3
42 -3.79E-4 1.39E-2 88 1.71 E-3 7.18E-3 134 -1.10E-2 7.81E-3
43 2.78E-3 6.42E-3 89 7.24E-3 1.15E-2 135 -3.06E-3 4.81E-3
44 2.62E-3 8.59E-3 90 9.25E-3 8.76E-3 136 6.03E-3 3.32E-3
45 5.81E-3 6.07E-3 91 5.23E-3 1.49E-2 137 8.32E-4 8.84E-3
46 8.33E-3 5.09E-3 92 8.75E-3 8.47E-3 138 6.94E-3 5.56E-3
205
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 5.18E-3 9.29E-3 188 1.04E-2 6.07E-3 237 1.74E-2 -2.31E-3
140 1.94E-2 5.06E-4 189 1.87E-2 -1.25E-3 238 2.83E-2 -1.90E-3
141 2.04E-2 5.46E-3 190 2.91E-2 -3.71E-3 239 3.06E-2 -1.25E-3
142 2.65E-2 1.53E-3 191 3.51E-2 -2.13E-3 240 4.10E-2 -2.43E-3
143 3.74E-2 7.44E-4 192 4.35E-2 8.05E-5 241 -2.02E-2 2.37E-3
144 4.92E-2 1.07E-3 193 -2.09E-2 -2.38E-3 242 -1.68E-2 1.15E-4
145 -1.96E-2 -5.18E-4 194 -1.43E-2 -4.86E-3 243 -1.27E-2 -4.77E-3
146 -2.09E-2 3.50E-3 195 -1.42E-2 -3.52E-3 244 -1.07E-2 -2.82E-3
147 -1.39E-2 2.60E-3 196 -9.44E-3 -3.91E-3 245 -3.23E-3 -3.78E-3
148 -1.50E-2 6.06E-3 197 -5.99E-3 1.67E-3 246 -1.43E-3 -8.08E-3
149 -1.19E-2 5.51E-3 198 -5.38E-3 -7.76E-5 247 -6.06E-4 -6.11E-3
150 -2.64E-3 3.72E-3 199 -8.18E-4 -2.01E-3 248 4.74E-3 -1.26E-2
151 -4.27E-3 2.69E-3 200 -5.79E-3 -9.37E-5 249 1.73E-2 -1.44E-2
152 1.25E-3 -2.19E-4 201 2.30E-3 -1.62E-3 250 8.12E-3 -7.76E-3
153 9.05E-3 2.65E-3 202 8.34E-3 -5.45E-3 251 9.68E-3 -6.81E-3
154 1.12E-2 -3.52E-4 203 1.41E-2 -5.74E-3 252 2.16E-2 -7.04E-3
155 1.14E-2 7.39E-3 204 1.98E-2 -3.99E-3 253 1.57E-2 -5.52E-3
156 1.03E-2 4.65E-3 205 2.06E-2 -8.50E-4 254 2.43E-2 -6.64E-4
157 1.76E-2 1.12E-3 206 2.27E-2 -2.66E-3 255 2.08E-2 9.46E-4
158 2.61E-2 -3.17E-4 207 2.92E-2 -4.63E-3 256 3.99E-2 -5.27E-3
159 4.02E-2 1.08E-3 208 4.33E-2 -7.65E-5 257 -1.96E-2 -3.83E-3.
160 4.16E-2 3.65E-4 209 -2.21E-2 -5.10E-3 258 -1.91E-2 -6.68E-3
161 -1.64E-2 -7.02E-4 210 -1.37E-2 -1.97E-3 259 -1.01E-2 -1.06E-2
162 -1.96E-2 9.02E-4 211 -1.66E-2 -1.08E-3 260 -9.83E-3 -1.01E-2
163 -1.52E-2 4.37E-4 212 -1.02E-2 -6.08E-3 261 -5.47E-3 -9.74E-3
164 -1.09E-2 4.28E-4 213 -7.47E-3 -2.86E-3 262 1.88E-3 -1.17E-2
165 -8.73E-3 1.05E-3 214 1.19E-3 -3.59E-3 263 4.17E-3 -1.24E-2
166 -5.06E-3 3.61E-3 215 4.40E-5 -7.42E-3 264 3.52E-3 -1.15E-2
167 -1.59E-3 1.69E-3 216 3.45E-3 -5.89E-3 265 5.13E-3 -7.96E-3
168 -5.1 IE-4 1.87E-3 217 1.19E-2 -7.07E-3 266 1.20E-2 -8.94E-3
169 7.38E-3 4.71E-3 218 9.63E-3 -5.83E-3 267 8.54E-3 -1.05E-2
170 1.31E-2 6.83E-5 219 9.77E-3 7.40E-4 268 8.75E-3 -4.85E-3
171 1.77E-2 2.64E-3 220 2.08E-2 -5.19E-3 269 1.87E-2 -6.94E-3
172 1.94E-2 6.08E-3 221 2.30E-2 -3.71E-3 270 2.47E-2 -7.21E-3
173 3.25E-2 -1.33E-3 222 1.64E-2 -4.06E-3 271 2.75E-2 -6.25E-3
174 2.84E-2 -7.01E-4 223 3.51E-2 -3.05E-3 272 2.70E-2 -3.97E-3
175 3.41E-2 1.73E-3 224 4.13E-2 -1.77E-3 273 -1.44E-2 2.02E-3
176 4.07E-2 -4.03E-3 225 -1.54E-2 8.07E-3 274 -1.29E-2 -6.04E-3
177 -1.93E-2 1.69E-3 226 -1.25E-2 -4.54E-3 275 -5.50E-3 -9.82E-3
178 -1.71E-2 2.42E-3 227 -1.35E-2 -1.55E-4 276 -6.19E-3 -1.16E-2
179 -1.30E-2 -4.85E-3 228 -7.42E-3 -2.89E-3 277 -4.21E-3 -1.33E-2
180 -1.35E-2 3.65E-4 229 -9.32E-3 -7.41E-3 278 6.07E-4 -1.58E-2
181 -1.06E-2 -2.36E-3 230 -3.49E-3 -9.18E-3 279 3.37E-3 -1.31E-2
182 -4.83E-3 3.14E-4 231 -9.04E-4 -4.34E-3 280 1.02E-2 -1.71E-2
183 1.37E-3 1.64E-4 232 6.24E-3 -1.43E-2 281 1.52E-2 -1.88E-2
184 2.13E-3 -1.84E-5 233 1.05E-2 -5.36E-3 282 9.81E-3 -1.15E-2
185 3.43E-3 -1.20E-3 234 6.78E-3 -4.17E-3 283 1.69E-2 -9.58E-3
186 1.06E-2 -3.22E-3 235 1.30E-2 -4.51E-3 284 2.58E-2 -9.99E-3
187 1.34E-2 8.14E-4 236 1.43E-2 -4.02E-3 285 2.08E-2 -9.52E-3
206
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 2.05E-2 -9.44E-3 319 6.05E-3 -8.83E-3 352 5.88E-4 -1.71E-3
287 2.97E-2 -6.34E-3 320 6.19E-3 -3.10E-3 353 1.17E-2 -1.69E-2
288 2.78E-2 -4.29E-3 321 -4.39E-3 -7.50E-3 354 1.16E-2 -2.02E-2
289 -1.45E-2 -4.18E-3 322 -1.84E-3 -1.32E-2 355 1.01E-2 -2.14E-2
290 -1.32E-2 -1.15E-2 323 2.00E-3 -1.63E-2 356 3.60E-3 -2.43E-2
291 -4.15E-3 -8.81E-3 324 -1.69E-3 -2.29E-2 357 2.11E-3 -2.46E-2
292 -6.71E-3 -1.73E-2 325 4.61E-3 -1.94E-2 358 1.88E-3 -2.76E-2
293 3.90E-3 -1.28E-2 326' 5.84E-3 -1.70E-2 359 -1.69E-3 -2.77E-2
294 -3.89E-4 -1.42E-2 327 6.46E-3 -1.96E-2 360 3.51E-3 -2.77E-2
295 9.25E-5 -1.70E-2 328 5.83E-3 -1.66E-2 361 9.42E-3 -2.58E-2
296 1.21E-2 -2.04E-2 329 3.36E-4 -2.49E-2 362 1.11E-2 -2.27E-2
297 4.82E-3 -1.36E-2 330 8.12E-3 -2.12E-2 363 9.36E-3 -2.01E-2
298 1.17E-2 -1.10E-2 331 1.31E-2 -2.09E-2 364 4.65E-3 -1.46E-2
299 1.12E-2 -1.50E-2 332 1.80E-2 -1.78E-2 365 8.95E-3 -5.49E-3
300 1.03E-2 -1.19E-2 333 1.51E-2 -1.83E-2 366 8.81E-3 -8.44E-3
301 1.75E-2 -1.18E-2 334 2.24E-2 -1.63E-2 367 1.71E-2 -7.68E-3
302 2.19E-2 -1.10E-2 335 1.06E-2 -8.08E-3 368 4.32E-3 5.79E-4
303 2.64E-2 -1.16E-2 336 7.34E-3 1.49E-3 369 2.24E-2 -2.33E-2
304 2.98E-2 -1.24E-3 337 -3.36E-4 -1.13E-2 370 1.23E-2 -2.83E-2
305 -9.20E-3 -2.80E-3 338 3.29E-3 -1.49E-2 371 8.73E-3 -2.94E-2
306 -4.28E-3 -1.23E-2 339 2.61E-3 -2.27E-2 372 4.11E-3 -3.10E-2
307 -4.73E-3 -1.28E-2 340 6.98E-3 -2.06E-2 373 5.73E-3 -2.48E-2
308 -6.37E-3 -1.30E-2 341 2.89E-3 -2.11E-2 374 9.51E-4 -2.91E-2
309 -6.65E-5 -1.73E-2 342 7.36E-4 -2.49E-2 375 2.29E-3 -2.45E-2
310 -7.74E-4 -1.90E-2 343 8.03E-3 -2.45E-2 376 3.81E-3 -2.80E-2
311 4.22E-3 -1.81E-2 344 5.07E-3 -2.14E-2 377 8.81E-4 -2.30E-2
312 8.43E-3 -1.93E-2 345 1.28E-2 -2.48E-2 378 -5.66E-4 -1.83E-2
313 6.23E-3 -1.88E-2 346 1.06E-2 -2.12E-2 379 4.48E-3 -1.76E-2
314 1.30E-2 -2.09E-2 347 1.49E-2 -2.25E-2 380 8.33E-3 -1.36E-2
315 1.56E-2 -1.42E-2 348 1.06E-2 -2.00E-2 381 9.58E-3 -9.98E-3
316 1.49E-2 -1.94E-2 349 1.69E-2 -1.50E-2 382 3.62E-3 -4.01E-3
317 1.38E-2 -1.56E-2 350 2.49E-3 -6.87E-3 383 4.91E-3 -7.77E-4
318 2.06E-2 -1.22E-2 351 1.38E-2 -5.65E-3 384 -1.08E-3 1.04E-3
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Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 9.15E-4 -6.62E-5 47 2.83E-2 5.41E-3 93 1.07E-2 6.32E-3
2 1.07E-3 3.91E-4 48 5.21E-2 6.21E-3 94 7.10E-3 -5.11E-3
3 1.17E-3 -1.42E-3 49 2.23E-3 -3.10E-4 95 1.73E-2 4.31E-3
4 5.03E-4 -3.00E-3 50 1.58E-3 -1.73E-3 96 4.70E-2 2.91E-4
5 1.32E-3 -2.92E-3 51 2.57E-3 -1.41E-3 97 4.36E-3 -3.54E-4
6 2.73E-3 -5.71E-3 52 1.89E-3 -3.22E-4 98 5.26E-3 -5.91E-4
7 2.10E-3 -5.64E-3 53 2.25E-3 -1.23E-4 99 2.47E-4 1.43E-3
8 3.39E-3 -7.45E-3 54 3.84E-3 6.06E-4 100 -3.78E-3 3.15E-3
9 1.64E-3 -3.09E-3 55 4.29E-3 2.75E-3 101 8.72E-3 6.36E-4
10 1.36E-3 -5.41E-3 56 2.09E-3 1.06E-4 102 8.53E-3 -3.07E-4
11 2.19E-3 -3.80E-3 57 -5.95E-4 -4.69E-4 103 9.93E-3 -5.95E-3
12 -2.68E-3 -2.09E-3 58 -2.68E-3 2.87E-3 104 2.97E-3 9.41E-4
13 -9.23E-3 4.24E-3 59 -6.74E-3 4.77E-3 105 -3.39E-3 -3.20E-3
14 -2.03E-3 4.31E-3 60 -8.15E-3 -2.16E-3 106 -5.13E-3 -1.75E-3
15 4.08E-2 5.66E-3 61 -5.15E-3 1.89E-5 107 7.13E-3 -7.70E-3
16 5.05E-2 -5.36E-4 62 1.04E-2 1.46E-3 108 6.99E-3 -2.35E-3
17 9.49E-4 -3.61E-4 63 3.05E-2 -4 04E-4 109 7.24E-3 -1.04E-2
18 2.64E-3 -3.62E-3 64 4.53E-2 6.19E-4 110 1.82E-2 -6.84E-3
19 2.62E-3 -3.54E-3 65 2.22E-3 -1.46E-3 111 2.69E-2 -7.21E-4
20 1.61E-3 -3.35E-3 66 2.09E-3 -4.04E-4 112 . 4.33E-2 1.01E-4
21 2.15E-3 -1.82E-3 67 4.47E-3 3.41E-5 113 3.85E-3 -1.27E-3
22 3.06E-3 -2.70E-3 68 4.49E-3 1.11E-3 114 5.13E-3 -7.06E-4
23 5.15E-3 -1.79E-3 69 2.43E-3 -2.33E-3 115 3.76E-3 1.74E-4
24 5.55E-4 -2.94E-3 70 5.20E-3 -1.12E-3 116 7.80E-3 2.35E-4
25 2.16E-3 -2.75E-3 71 -6.37E-4 -1.80E-3 117 6.93E-3 -1.94E-3
26 -1.66E-3 -1.36E-3 72 1.80E-3 2.32E-3 118 7.40E-3 -4.54E-3
27 -4.47E-3 4.66E-4 73 -3.33E-3 -5.57E-4 119 9.05E-3 -2.18E-3
28 -2.05E-3 4.15E-3 74 -7.17E-3 2.66E-3 120 6.69E-3 -5.32E-4
29 -1.12E-3 3.99E-3 75 2.64E-4 3.45E-3 121 3.82E-3 -2.41E-3
30 4.04E-3 3.37E-3 76 2.14E-3 -2.40E-3 122 8.91E-3 -6.58E-3
31 2.96E-2 6.84E-3 77 -9.54E-3 3.41E-3 123 1.22E-2 -1.23E-2
32 5.37E-2 5.21E-3 78 1.25E-2 -1.88E-3 124 1.99E-3 -1.29E-2
33 -3.04E-3 -1.75E-3 79 2.52E-2 2.55E-3 125 3.54E-3 -3.22E-3
34 -5.44E-3 1.75E-3 80 5.21E-2 -1.85E-3 126 1.31E-2 -4.09E-3
35 -6.94E-3 2.72E-3 81 1.93E-3 -1.01E-3 127 6.27E-3 2.79E-3
36 -5.66E-3 • 5.43E-3 82 2.17E-3 -1.44E-3 128 4.74E-2 -2.04E-3
37 -2.54E-3 3.85E-3 83 3.86E-3 -1.47E-3 129 3.57E-3 -3.52E-4
38 -2.28E-3 5.11E-3 84 4.73E-3 -1.10E-3 130 3.90E-3 3.53E-4
39 -1.44E-4 2.65E-3 85 4.17E-3 4.09E-4 131 2.28E-3 -3.82E-3
40 -3.48E-3 4.21E-3 86 1.05E-2 5.02E-4 132 -2.93E-3 1.52E-3
41 -3.60E-3 7.52E-3 87 6.75E-3 4.59E-3 133 4.33E-3 -3.04E-4
42 -3.27E-3 8.20E-3 88 3.29E-3 -2.80E-4 134 6.77E-3 2.29E-3
43 -4.20E-3 9.51E-3 89 3.35E-3 -1.18E-4 135 4.57E-3 4.54E-4
44 -9.80E-4 8.63E-3 90 3.40E-3 4.37E-5 136 9.60E-3 -5.13E-3
45 -2.02E-3 8.88E-3 91 7.38E-3 -5.02E-3 137 -3.32E-3 -7.35E-3
46 9.95E-3 8.32E-3 92 4.76E-3 4.90E-4 138 -2.98E-3 -1.37E-2
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139 1.17E-2 -1.26E-2 188 4.21E-3 -1.52E-3 237 1.07E-3 -2.35E-4
140 6.76E-5 -5.87E-3 189 2.67E-3 6.97E-3 238 1.06E-2 -4.28E-4
141 8.87E-3 2.58E-4 190 9.43E-3 -4.84E-3 239 1.83E-2 -2.98E-3
142 7.57E-3 3.93E-3 191 1.81E-2 -1.11E-3 240 2.96E-2 -3.44E-3
143 1.55E-2 -5.28E-3 192 3.82E-2 -2.64E-3 241 7.12E-3 -4.86E-4
144 4.25E-2 -1.83E-3 193 8.45E-3 -1.66E-3 242 7.65E-3 -1.01E-3
145 4.59E-3 -1.28E-3 194 4.51E-3 -2.55E-3 243 8.87E-3 -2.08E-3
146 4.34E-3 -5.40E-5 195 3.29E-3 2.24E-4 244 8.74E-3 -1.52E-3
147 4.78E-3 -8.62E-4 196 4.82E-3 -6.16E-3 245 8.52E-3 -5.65E-3
148 6.49E-3 -3.83E-3 197 8.10E-3 -9.42E-3 246 9.34E-3 -6.24E-3
149 6.13E-3 -1.82E-3j 198 5.05E-3 -7.66E-3 247 -1.40E-3 1.14E-3
150 8.50E-3 8.60E-4 199 -1.62E-3 -4.90E-3 248 8.40E-3 -1.77E-3
151 1.39E-3 -2.35E-3 200 1.54E-2 -8.89E-3 249 2.84E-3 1.19E-3
152 9.04E-3 -6.76E-3 201 7.55E-3 -1.55E-4 250 8.15E-3 6.89E-3
153 2.17E-3 -5.89E-3 202 -5.73E-4 -7.00E-3 251 9.95E-3 -4.66E-3
154 2.30E-2 -1.08E-2 203 -1.26E-2 6.47E-3 252 -6.17E-3 6.55E-3
155 2.64E-3 -8.72E-3 204 7.54E-3 3.69E-3 253 3.86E-3 4.87E-3
156 1.00E-2 -8.77E-3 205 6.13E-3 -3.13E-3 254 1.09E-2 -2.37E-3
157 -6.78E-4 2.13E-4 206 1.12E-2 -2.83E-3 255 2.57E-2 -4.59E-4
158 8.34E-3 -1.29E-3 207 1.70E-2 -1.40E-3 256 4.23E-2 -1.99E-4
159 2.32E-2 -4.82E-3 208 3.86E-2 -1.93E-3 257 7.86E-3 -1.84E-3
160 3.94E-2 5.22E-4 209 8.75E-3 -8.71E-4 258 4.82E-3 5.63E-4
161 4.51E-3 -2.45E-4 210 7.30E-3 -2.46E-3 259 7.07E-3 -5.53E-3
162 8.54E-3 -1.79E-3 211 3.30E-3 -1.71E-3 260 6.49E-3 -4.31E-3
163 2.11E-3 3.69E-3 212 9.81E-3 -7.68E-3 261 7.90E-3 -4.67E-3
164 4.40E-3 -2.68E-3 213 9.74E-3 -5.74E-3 262 1.02E-2 -3.19E-3
165 3.31E-3 -1.87E-3 214 4.75E-3 -2.57E-3 263 1.01E-2 -5.50E-3
166 5.87E-3 -4.88E-3 215 7.94E-3 -7.86E-3 264 1.06E-3 2.38E-3
167 1.24E-2 -5.75E-3 216 7.72E-3 -9.67E-3 265 -1.98E-3 2.49E-3
168 5.20E-3 -7.81E-3 217 1.12E-2 -7.93E-3 266 3.90E-3 3.72E-4
169 1.75E-2 -6.22E-3 218 -4.37E-3 4.06E-3 267 -2.62E-3 -5.02E-3
170 2.52E-3 -1.05E-2 219 -7.23E-3 3.16E-3 268 -1.02E-3 -4.08E-3
171 2.76E-3 -4.28E-3 220 1.17E-3 -4.33E-3 269 1.28E-2 -7.10E-3
172 -1.06E-2 -5.83E-4 221 6.63E-3 -5.33E-3 270 2.15E-2 -7.44E-3
173 -4.81E-3 -2.17E-3 222 1.37E-2 -5.12E-3 271 2.63E-2 -8.36E-3
174 5.04E-3 5.03E-4 223 2.17E-2 -5.52E-3 272 3.03E-2 -1.38E-3
175 1.95E-2 -2.73E-4 224 3.05E-2 -2.76E-3 273 6.49E-3 -2.35E-4
176 3.88E-2 -1.06E-3 225 2.43E-3 -3.20E-4 274 5.43E-3 -9.53E-4
177 5.20E-3 -1.25E-3 226 3.86E-3 -7.98E-4 275 4.03E-3 -1.95E-3
178 6.08E-3 -2.78E-3 227 5.31E-4 5.61E-3 276 6.62E-3 -2.04E-3
179 6.37E-3 3.42E-4 228 -9.41E-4 8.25E-3 277 6.95E-3 -1.73E-3
180 5.26E-3 -6.72E-3 229 1.24E-3 6.54E-3 278' 1.29E-2 -4.71E-3
181 9.67E-3 -3.63E-3 230 5.65E-3 -1.54E-3 279 5.90E-3 -4.44E-3
182 9.07E-3 -2.76E-3 231 5.35E-3 3.55E-3 280 -4.84E-3 7.32E-4
183 -1.36E-4 3.34E-3 232 -1.51E-3 3.26E-3 281 5.25E-4 -3.37E-3
184 3.44E-3 -5.79E-3 233 1.22E-2 -4.86E-3 282 9.90E-4 -2.22E-3
185 5.21E-3 1.47E-3 234 1.20E-2 • 5.47E-4 283 8.50E-4 -2.20E-3
186 -1.21E-2 2.66E-3 235 1.13E-2 1.61E-4 284 1.10E-2 -8.75E-3
187 5.80E-3 3.08E-3 236 8.52E-3 -1.05E-3 285 3.79E-3 -9.32E-4
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286 1.24E-2 -3.44E-3 319 1.56E-2 -1.17E-2 352 1.74E-2 -3.69E-3
287 2.49E-2 -5.39E-3 320 6.78E-3 -1.08E-3 353 ' 2.07E-2 -5.47E-3
288 3.02E-2 -1.04E-3 321 7.74E-3 3.65E-3 354 1.60E-2 -9.36E-3
289 -5.42E-3 -2.48E-3 322 9.06E-3 2.06E-4 355 1.37E-2 -1.14E-2
290 -8.58E-4 -2.98E-3 323 9.80E-3 -3.22E-3 356 1.13E-2 -1.27E-2
291 -4.90E-3 -1.47E-3 324 7.43E-3 -4.14E-3 357 7.14E-3 -8.40E-3
292 4.75E-4 2.19E-3 325. 2.88E-3 -3.59E-3 358 5.34E-3 -9.68E-3
293 4.91E-3 -1.67E-3 326 6.05E-3 -9.66E-3 359 6.00E-3 -1.39E-2
294 4.24E-3 -7.28E-3 327 5.54E-3 -1.18E-2 360 7.76E-3 -1.41E-2
295 -6.57E-4 -4.92E-4 328 1.14E-2 -1.31E-2 361 8.96E-3 -1.30E-2
296 1.24E-2 -4.22E-3 329 8.42E-3 -1.10E-2 362 1.18E-2 -8.50E-3
297 -2.45E-3 2.42E-4 330 1.19E-2 -1.20E-2 363 6.93E-3 -5.29E-3
298 5.86E-3 6.98E-4 331 9.97E-3 -1.35E-2 364 . 1.08E-2 -1.84E-2
299 4.17E-3 -4.09E-3 332 8.02E-3 -1.02E-2 365 6.06E-3 -9.82E-3
300 -2.79E-3 -1.07E-3 333 1.64E-2 -1.52E-2 366 1.07E-2 -6.97E-3
301 6.19E-3 -7.30E-3 334 2.02E-2 -1.27E-2 367 1.07E-2 -4.39E-4
302 1.42E-2 -7.46E-3 335 1.33E-2 -8.98E-3 368 1.38E-3 -8.68E-4
303 2.28E-2 -9.86E-3 336 -2.06E-3 -2.39E-3 369 2.77E-2 -1.08E-2
304 3.64E-2 -3.39E-3 337 1.51E-2 7.42E-3 370 1.78E-2 -1.50E-2
305 -5.20E-3 -4.38E-3 338 1.19E-2 -7.76E-3 371 7.89E-3 -1.76E-2
306 -8.23E-3 -7.98E-3 339 1.08E-2 -6.60E-3 372 6.67E-3 -1.39E-2
307 -4.27E-3 -1.02E-2 340 5.66E-3 -9.22E-3 373 4.88E-3 -1.76E-2
308 1.60E-3 -2.21E-3 341 9.41E-3 -9.93E-3 374 5.96E-3 -1.21E-2
309 -2.56E-3 -2.69E-3 342 4.20E-3 -7.48E-3 375 3.94E-3 -1.30E-2
310 2.28E-3 -7.23E-3 343 7.91E-3 -5.23E-3 376 6.71E-3 -1 59E-2
311 6.56E-3 -1.05E-2 344 9.77E-3 -5.86E-3 377 5.07E-3 -1.55E-2
312 8.96E-3 -8.68E-3 345 7.17E-3 -1.29E-2 378 ■ 6.48E-3 -1.61E-2
313 1.40E-2 -7.76E-3 346 8.73E-3 8.73E-3 379 6.26E-3 -1.79E-2
314 1.58E-2 -7.05E-3 347 1.03E-2 -1.05E-2 380 1.10E-2 -1.38E-2
315 1.01E-2 -6.78E-3 348 1.18E-2 -6.22E-3 381 1.05E-2 -9.05E-3
316 8.31E-3 -7.68E-3 349 1.59E-2 -1.28E-2 382 1.13E-2 -6.06E-3
317 1.67E-2 -1.32E-2 350 1.45E-2 -2.90E-3 383 9.28E-3 -8.62E-4
318 2.19E-2 -1.43E-2 351 1.76E-2 -7.09E-3 384 7.45E-3 3.18E-3
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Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 6.12E-4 -8.39E-4 47 3.45E-2 2.83E-3 93 1.07E-2 6.32E-3
2 6.24E-4 -1.31E-3 48 5.35E-2 5.75E-3 94 7.10E-3 -5.11E-3
3 8.17E-4 -1.33E-3 49 1.87E-3 -1.06E-3 95 1.73E-2 4.31E-3
4 1.21E-3 -1.81E-3 50 . 1.56E-3 -4.90E-4 96 4.70E-2 2.91E-4
5 1.79E-3 -1.54E-3 51 3.81E-3 -1.95E-4 97 4.36E-3 -3.54E-4
6 2.46E-3 -3.77E-3 52 6.12E-3 5.10E-4 98 5.26E-3 -5.91E-4
7 3.20E-3 -3.81E-3 53 3.44E-3 7.27E-4 99 2.47E-4 1.43E-3
8 3.38E-3 -7.80E-3 54 3.77E-3 4.27E-3 100 -3.78E-3 3.15E-3
9 2.13E-3 -9.75E-3 55 2.24E-3 8.20E-4 101 8.72E-3 6.36E-4
10 2.48E-3 -5.59E-3 56 4.64E-3 3.13E-3 102 8.53E-3 -3.07E-4
11 -3.01E-3 -3.02E-3 57 3.39E-3 9.50E-3 103 9.93E-3 -5.95E-3
12 3.53E-5 -3.85E-4 58 4.98E-4 4.85E-3 104 2.97E-3 9.41E-4
13 -3.30E-3 4.68E-3 59 -3.13E-3 -8.45E-4 105 -3.39E-3 -3.20E-3
14 1.05E-3 7.56E-3 60 -4.06E-3 1.15E-3 106 -5.13E-3 -1.75E-3
15 3.74E-2 1.13E-2 61 -4.51E-3 7.83E-3 107 7.13E-3 -7.70E-3
16 5.18E-2 4.73E-3 62 6.57E-3 -1.54E-3 108 6.99E-3 -2.35E-3
17 1.67E-3 -1.01E-3 63 3.26E-2 -3.18E-3 109 7.24E-3 -1.04E-2
18 1.25E-3 -1.72E-3 64 4.98E-2 1.82E-3 110 1.82E-2 -6.84E-3
19 1.63E-3 -1.03E-3 65 2.22E-3 -1.46E-3 111 2.69E-2 -7.21E-4
20 1.52E-3 -8.91E-4 66 2.09E-3 -4.04E-4 112 4.33E-2 1.01E-4
21 4.06E-3 -1.94E-3 67 4.47E-3 3.41E-5 113 3.85E-3 -1.27E-3
22 3.95E-3 1.25E-4 68 4.49E-3 1.11E-3 114 5.13E-3 -7.06E-4
23 1.03E-3 -1.03E-3 69 2.43E-3 -2.33E-3 115 3.76E-3 1.74E-4
24 2.05E-3 -1.02E-4 70 5.20E-3 -1.12E-3 116 7.80E-3 2.35E-4
25 2.96E-3 -5.87E-4 71 -6.37E-4 -1.80E-3 117 6.93E-3 -1.94E-3
26 -1.47E-3 -2.60E-3 72 1.80E-3 2.32E-3 118 7.40E-3 -4.54E-3
27 -1.85E-3 2.34E-3 73 -3.33E-3 -5.57E-4 119 9.05E-3 -2.18E-3
28 -4.84E-3 6.72E-3 74 4.09E-3 6.67E-3 120 6.69E-3 -5.32E-4
29 -8.93E-3 2.65E-3 75 -9.23E-4 -2.63E-3 121 3.82E-3 -2.41E-3
30 5.83E-3 3.17E-3 76 1.97E-3 -1.56E-3 122 8.91E-3 -6.58E-3
31 4.13E-2 2.44E-3 77 5.88E-3 -1.37E-3 123 1.22E-2 -1.23E-2
32 5.14E-2 -1.98E-4 78 1.04E-2 4.19E-4 124 1.99E-3 -1.29E-2
33 1.52E-3 -6.53E-4 79 3.31E-2 9.40E-4 125 3.54E-3 -3.22E-3
34 1.69E-3 -6.74E-4 80 4.63E-2 2.59E-3 126 1.31E-2 -4.09E-3
35 4.19E-3 -3.41E-4 81 1.93E-3 -1.01E-3 127 6.27E-3 2.79E-3
36 2.19E-3 -4.96E-4 82 2.17E-3 -1.44E-3 128 4.74E-2 -2.04E-3
37 7.35E-3 -4.17E-5 83 3.86E-3 -1.47E-3 129 3.57E-3 -3.52E-4
38 6.73E-3 3.62E-4 84 4.73E-3 -1.10E-3 130 3.90E-3 3.53E-4
39 5.30E-3 2.42E-3 85 4.17E-3 4.09E-4 131 2.28E-3 -3.82E-3
40 3.94E-3 -9.59E-5 86 1.05E-2 5.02E-4 132 -2.93E-3 1.52E-3
41 2.70E-3 -2.58E-4 87 6.75E-3 4.59E-3 133 4.33E-3 -3.04E-4
42 2.34E-3 -1.57E-3 88 3.29E-3 -2.80E-4 134 6.77E-3 2.29E-3
43 -3.59E-3 3.60E-3 89 3.35E-3 -1.18E-4 135 4.57E-3 4.54E-4
44 -4.38E-3 2.60E-3 90 3.40E-3 4.37E-5 136 9.60E-3 -5.13E-3
45 -6.30E-3 1.50E-3 91 7.38E-3 -5.02E-3 137 -3.32E-3 -7.35E-3
46 1.26E-2 3.00E-3 92 4.76E-3 4.90E-4 138 -2.98E-3 -1.37E-2
211
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 1.17E-2 -1.26E-2 188 4.21E-3 -1.52E-3 237 1.35E-2 -8.64E-3
140 6.76E-5 -5.87E-3. 189 2.67E-3 6.97E-3 238 1.06E-2 -4.28E-4
141 8.87E-3 2.58E-4 190 9.43E-3 -4.84E-3 239 1.83E-2 -2.98E-3
142 7.57E-3 3.93E-3 191 1.81E-2 -1.11E-3 240 2.96E-2 -3.44E-3
143 1.55E-2 -5.28E-3 192 3.82E-2 -2.64E-3 241 9.46E-3 -2.72E-3
144 4.25E-2 -1.83E-3 193 8.45E-3 -1.66E-3 242 5.17E-3 -2.50E-3
145 4.59E-3 -1.28E-3 194 4.51E-3 -2.55E-3. 243 8.28E-3 -5.78E-3
146 4.34E-3 -5.40E-5 195 3.29E-3 2.24E-4 244 1.08E-2 -5.65E-3
147 4.78E-3 -8.62E-4 196 4.82E-3 -6.16E-3 245 • 5.97E-3 -1.41E-3
148 6.49E-3 -3.83E-3 197 8.10E-3 -9.42E-3 246 5.96E-3 -9.57E-4
149 6.13E-3 -1.82E-3 198 5.05E-3 -7.66E-3 247 1.72E-2 -1.10E-2
150 8.50E-3 8.60E-4 199 -1.62E-3 -4.90E-3 248 4.83E-4 2.89E-4
151 1.39E-3 -2.35E-3 200 1.54E-2 -8.89E-3 249 -1.01E-3 -3.51E-3
152 9.04E-3 -6.76E-3 201 7.55E-3 -1.55E-4 250 1.10E-2 -9.30E-3
153 2.17E-3 -5.89E-3 202 -5.73E-4 -7.00E-3 251 -5.62E-3 -4.56E-3
154 2.30E-2 -1.08E-2 203 -1.26E-2 6.47E-3 252 1.27E-3 -4.82E-3
155 2.64E-3 -8.72E-3 204 7.54E-3 3.69E-3 253 9.81E-4 -3.07E-3
156 1.00E-2 -8.77E-3 205 6.13E-3 -3.13E-3 254 3.19E-3 -2.86E-3
157 -6.78E-4 2.13E-4 206 1.12E-2 -2.83E-3 255 2.41E-2 -6.45E-3
158 8.34E-3 -1.29E-3 207 1.70E-2 -1.40E-3 256 2.49E-2 -4.80E-3
159 2.32E-2 -4.82E-3 208 3.86E-2 -1.93E-3 257 1.24E-2 -5.63E-3
160 3.94E-2 5.22E-4 209 8.75E-3 -8.71E-4 258 9.28E-3 -1.92E-3
161 4.51E-3 -2.45E-4 210 7.30E-3 -2.46E-3 259 7.81E-3 -4.70E-3
162 8.54E-3 -1.79E-3 211 3.30E-3 -1.71E-3 260 1.56E-2 -1.24E-2
163 . 2.11E-3 3.69E-3 212 9.81E-3 -7.68E-3 261 1.00E-2 -8.27E-3
164 4.40E-3 -2.68E-3 213 9.74E-3 -5.74E-3 262 1.39E-2 -1.06E-2
165 3.31E-3 -1.87E-3 214 4.75E-3 -2.57E-3 263 4.85E-3 -8.47E-3
166 5.87E-3 -4.88E-3 215 7.94E-3 -7.86E-3 264 1.93E-3 -7.13E-3
167 1.24E-2 -5.75E-3 216 7.72E-3 -9.67E-3 265 -1.36E-3 -1.11E-2
168 5.20E-3 -7.81E-3 217 1.12E-2 -7.93E-3 266 6.24E-3 -3.66E-3
169 1.75E-2 -6.22E-3 218 -4.37E-3 4.06E-3 267 -4.41E-3 -9.36E-3
170 . 2.52E-3 -1.05E-2 219. -7.23E-3 3.16E-3 268 -4.67E-4 -5.52E-3
171 2.76E-3 -4.28E-3 220 1.17E-3 -4.33E-3 269 -5.19E-3 -5.67E-3
172 -1.06E-2 -5.83E-4 221 6.63E-3 -5.33E-3 270 1.14E-2 -6.06E-3
173 -4.81E-3 -2.17E-3 222 1.37E-2 -5.12E-3 271 1.60E-2 -4.56E-3
174 5.04E-3 5.03E-4 223 2.17E-2 -5.52E-3 272 2.28E-2 -3.01E-3
175 1.95E-2 -2.73E-4 224 3.05E-2 -2.76E-3 273 1.01E-2 -1.28E-3
176 3.88E-2 -1.06E-3 225 7.72E-3 -7.86E-4 274 6.48E-3 -3.27E-3
177 5.20E-3 -1.25E-3 226 6.59E-3 2.64E-4 275 7.42E-3 -6.13E-3
178 6.08E-3 -2.78E-3 227 4.72E-3 -4.18E-3 276 4.20E-3 -3.91E-3
179 6.37E-3 3.42E-4 228 1.12E-2 -8.40E-3 277 4.17E-3 -7.04E-3
180 5.26E-3 -6.72E-3 229 7.81E-3 -2.19E-3 278 8.71E-3 -5.63E-3
181 9.67E-3 -3.63E-3 230 1.07E-2 -1.28E-2 279 2.09E-3 -2.92E-3
182 9.07E-3 -2.76E-3 231 1.16E-2 -4.76E-3 280 5.09E-3 -5.94E-4
183 -1.36E-4 3.34E-3 232 -6.92E-4 -4.13E-3 281 7.14E-3 -3.29E-3
184 3.44E-3 -5.79E-3 233 8.36E-3 -4.99E-3 282 5.09E-3 -7.92E-3
185 5.21E-3 1.47E-3 234 -1.01E-3 -7.41E-3 283 1.05E-2 -1.31E-2
186 -1.21E-2 2.66E-3 235 1.82E-3 -7.19E-3 284 -7.24E-3 1.46E-4
187 5.80E-3 3.08E-3 236 4.41E-3 -4.55E-3 285 6.41E-3 -1.08E-3
212
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix /
286 2.21E-2 -8.68E-3 319 8.36E-3 1.74E-3 352 6.04E-3 5.91E-4
287 1.91E-2 -7.20E-3 320 4.49E-3 5.63E-4 353 2.56E-2 -4.47E-3
288 6.81E-3 -2.84E-3 321 1.79E-2 -1.45E-3 354 1.71E-2 -6.52E-3
289 1.44E-2 -1.36E-3 322 1.65E-2 -3.14E-3 355 1.06E-2 -8.85E-3
290 1.33E-2 -1.38E-5 323 1.19E-2 -5.35E-3 356 8.35E-3 -4.58E-3
291 1.11E-2 -5.15E-3 324 7.29E-3 -2.43E-3 357 6.93E-3 -4.10E-3
292 8.25E-3 -4.45E-3 325 1.17E-2 -6.82E-3 358 6.93E-3 -6.23E-3
293 1.02E-2 -7.21E-3 326 4.68E-3 -3.24E-3 359 1.10E-2 -4.79E-3
294 3.77E-3 -6.88E-4 327 1.14E-2 -6.45E-3 360 1.02E-2 -6.42E-3
295 9.96E-3 -5.52E-3 328 4.84E-3 -1.39E-3 361 9.35E-3 -8.06E-3
296 . 7.95E-3 -7.02E-3 329 1.08E-2 -4.39E-3 362 9.44E-3 -7.62E-3
297 1.04E-2 -6.53E-3 330 7.61E-3 -8.72E-3 363 1.18E-2 -1.10E-2
298 3.89E-3 -7.06E-3 331 9.62E-3 -8.42E-3 364 1.09E-2 -9.46E-3
299 5.91E-3 -7.06E-3 332 1.08E-2 -4.78E-3 365 7.65E-3 -5.74E-3
300 1.18E-2 -9.06E-3 333 1.10E-2 -3.42E-3 366 1.05E-2 -3.46E-3
301 1.15E-2 -6.57E-3 334 7.33E-3 -1.20E-3 367 1.25E-2 -1.25E-3
302 1.01E-2 -5.32E-3 335 1.98E-3 1.90E-3 368 4.84E-3 -1.51E-3
303 1.39E-2 -3.79E-3 336 -3.14E-3 1.84E-3 369 3.12E-2 -1.04E-2
304 1.82E-2 -2.32E-3 337 2.14E-2 -2.62E-3 370 2.24E-2 -1.16E-2
305 1.66E-2 -1.25E-3 338 1.97E-2 -9.78E-3 371 8.78E-3 -8.85E-3
306 1.51E-2 -3.09E-3 339 1.37E-2 -7.49E-3 372 6.99E-3 -9.33E-3
307 1.06E-2 -1.47E-3 340 8.53E-3 -6.50E-3 373 4.40E-3 -5.98E-3
308 1.39E-2 -2.71E-3 341 1.07E-2 -9.85E-4 374 6.36E-4 -1.45E-3
309 7.65E-3 -1.31E-3 342 1.15E-2 -6.56E-3 375 8.01E-3 -9.06E-3
310 1.26E-2 -8.59E-3 343 1.13E-2 -7.02E-3 376 8.81E-3 -1.02E-2
311 7.91E-3 -3.33E-3 344 8.60E-3 -7.96E-3 377 7.68E-3 -3.15E-3
312 9.49E-3 -4.88E-3 345 7.66E-3 -3.85E-3 378 9.14E-3 -9.47E-3
313 1.11E-2 -1.38E-3 346 8.82E-3 -4.23E-3 379 2.81E-3 -5.14E-4
314 7.38E-3 -4.56E-3 347 9.98E-3 -4.61E-3 380 7.75E-3 -3.61E-3
315 8.16E-3 -4.68E-3 348 6.20E-3 -7.33E-3 381 7.98E-3 -4.32E-3
316 5.98E-3 -6.21E-3 349 1.25E-2 -8.40E-3 382 6.19E-3 6.20E-4
317 9.19E-3 -2.63E-3 350 9.78E-3 -8.35E-3 383 -7.10E-3 -8.12E-4
318 9.26E-3 -2.21E-3 351 5.71E-3 -6.34E-4 384 -1.31E-3 4.85E-3
213
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF3d
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 1.06E-3 -9.89E-4 47 2.59E-2 8.35E-3 93 8.07E-3 -1.09E-2
2 -3.16E-4 4.79E-4 48 3.72E-2 1.02E-2 94 6.17E-4 2.23E-3
3 5.27E-4 -1.35E-3 49 2.81E-3 -1.06E-3 95 1.94E-2 -1.56E-3
4 -8.42E-4 4.69E-4 50 2.87E-3 -7.85E-4 96 4.91E-2 -1.31E-3
5 2.29E-3 1.16E-3 51 2.66E-3 -7.80E-4 97 7.86E-3 -6.56E-4
6 2.57E-4 -1.58E-3 52 4.42E-3 -2.00E-3 98 6.48E-3 -1.13E-3
7 2.69E-4 -8.28E-4 53 4.76E-3 -1.16E-3 99 5.80E-3 3.32E-3
8 1.76E-3 -1.62E-3 54 8.06E-3 2.90E-3 100 2.28E-3 4.41E-4
9 -1.08E-3 3.13E-3 55 -5.49E-3 4.65E-3 101 -3.95E-3 7.53E-3
10 3.76E-3 -1.05E-3 56 2.60E-3 1.48E-3 102 -5.16E-4 -3.34E-4
11 1.71E-3 -1.63E-3 57 -6.69E-4 -2.30E-3 103 6.23E-3 6.11E-4
12 8.24E-4 3.74E-3 58 7.13E-3 5.55E-3 104 -8.30E-3 -6.95E-3
13 -2.68E-3 5.63E-3 59 6.75E-3 -1.78E-2 105 5.79E-3 -4.92E-3
14 -2.59E-3 1.01E-2 60 8.65E-3 -3.65E-3 106 1.20E-2 -9.25E-3
15 3.49E-2 2.15E-2 61 4.74E-3 -2.72E-3 107 1.12E-3 -1.15E-2
16 4.63E-2 1.18E-2 62 1.96E-2 -2.12E-3 108 2.02E-2 -6.95E-3
17 1.65E-3 -5.54E-4 63 2.21E-2 1.63E-3 109 2.85E-3 -2.53E-3
18 1.49E-3 -1.51E-3 64 3.45E-2 9.19E-5 110 -1.98E-3 -5.28E-3
19 1.34E-3 -7.86E-4 65 6.00E-3 -7.65E-4 111 4.55E-3 7.89E-4
20 1.26E-4 -1.52E-4 66 5.92E-3 -7.83E-4 112 4.90E-2 -5.27E-4
21 -3.03E-3 -4.63E-4 67 3.19E-3 -1.70E-3 113 9.22E-3 1.20E-3
22 6.57E-4 1.06E-3 68 7.51E-3 -2.43E-4 114 5.01E-3 7.07E-5
23 -9.80E-4 2.61E-3 69 4.61E-3 1.44E-3 115 5.95E-3 -1.17E-3
24 1.89E-3 -1.33E-3 70 5.86E-3 -5.29E-4 116 4.08E-3 1.04E-3
25 -2.72E-3 6.06E-5 71 5.72E-3 -1.55E-4 117 5.53E-3 -3.62E-4
26 3.23E-3 2.67E-3 72 3.05E-3 -3.06E-4 118 1.63E-3 -4.10E-3
27 -1.91E-3 2.83E-3 73 4.76E-4 3.93E-3 119 1.60E-2 -1.98E-2
28 3.28E-3 5.57E-3 74 8.90E-3 -1.85E-2 120 2.98E-3 -1.35E-2
29 4.13E-5 4.07E-3 75 9.96E-3 -5.23E-3 121 -3.44E-4 -2.71E-3
30 7.86E-3 7.63E-3 76 1.61E-2 -9.96E-3 122 -1.99E-3 -3.77E-3
31 2.83E-2 1.03E-2 77 1.88E-2 -8.23E-3 123 -4.59E-3 2.51E-3
32 4.40E-2 8.40E-3 78 -3.59E-3 -3.86E-3 124 -1.47E-3 -7.40E-3
33 3.05E-3 -8.95E-4 79 2.75E-2 -3.26E-5 125 -2.83E-3 8.59E-4
34 2.61E-3 -8.43E-4 80 4.46E-2 2.92E-4 126 4.52E-3 -3.98E-3
35 2.75E-3 -5.74E-4 81 6.20E-3 -7.88E-5 127 5.54E-3 1.51E-3
36 2.63E-3 -1.24E-3 82 5.98E-3 -1.58E-3 128 3.00E-2 1.30E-3
37 1.33E-4 1.21E-3 83 4.59E-3 -1.05E-3 129 5.98E-3 -1.76E-4
38 -4.64E-5 -1.35E-4 84 7.79E-3 -3.16E-3 130 8.97E-3 -7.35E-4
39 -7.09E-4 6.75E-4 85 1.70E-3 6.62E-3 131 5.21E-3 -9.51E-5
40 -8.67E-4 -3.14E-3 86 3.85E-3 2.09E-3 132 -1.04E-2 6.40E-3
41 6.39E-4 1.89E-3 87 5.60E-3 -5.25E-3 133 1.42E-2 -1.14E-2
42 1.41E-3 1.64E-4 88 5.31E-3 -4.17E-3 134 3.20E-3 1.71E-3
43 4.97E-3 -8.97E-5 89 1.78E-3 -8.79E-3 135 3.26E-3 -2.19E-3
44 1.17E-2 -7.70E-4 90 9.44E-3 -8.95E-3 136 4.67E-3 -1.51E-2
45 1.11E-2 -1.46E-3 91 1.79E-2 -7.41E-3 137 4.74E-3 -6.83E-3
46 2.53E-2 -1.21E-2 92 3.30E-3 -6.29E-3 138 1.58E-2 -9.35E-3
214
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 1.44E-2 -2.76E-3 188 -3.30E-3 -1.34E-6 237 5.29E-3 -4.16E-3
140 -7.33E-3 -2.79E-4 189 2.89E-3 -2.67E-3 238 1.52E-2 -1.04E-2
141 -4.43E-3 -6.83E-4 190 1.31E-2 -3.62E-3 239 1.74E-2 -7.37E-3
142 3.18E-3 4.30E-3 191 1.95E-2 -2.44E-3 240 1.79E-2 -6.85E-4
143 9.86E-3 2.05E-3 192 3.31E-2 • 5.57E-3 241 1.11E-2 -3.44E-3
144 3.28E-2 1.41E-3 193 1.20E-2 -1.06E-3 242 7.11E-3 -1.57E-3
145 7.11E-3 -8.17E-4 194 8.86E-3 8.69E-4 243 8.84E-3 -6.66E-4
146 1.16E-2 -4.58E-4 195 8.53E-3 -2.68E-3 244 -1.11E-3 6.47E-3
147 4.48E-3 -1.87E-4 196 1.53E-2 -1.04E-2 245 -4.57E-3 -2.69E-3
148 7.05E-3 1.94E-3 197 9.94E-3 -4.36E-3 246 1.24E-3 4.71E-3
149 8.13E-3 -2.14E-3 198 7.27E-5 -4.26E-3 247 3.25E-3 2.05E-3
150 4.83E-3 -2.43E-4 199 4.33E-3 -1.70E-3 248 1.21E-2 -4.60E-3
151 4.35E-3 -4.63E-3 200 1.35E-2 -3.54E-3 249 8.57E-3 -5.14E-3
152 4.65E-3 -5.44E-3 201 2.85E-3 1.88E-3 250 4.47E-3 -2.33E-3
153 7.87E-3 -1.05E-2 202 7.52E-3 -1.40E-3 251 9.99E-3 -1.10E-2
154 -3.89E-3 -2.44E-3 203 3.42E-3 3.18E-4 252 3.70E-3 -1.98E-3
155 -3.17E-3 -4.60E-4 204 2.18E-2 2.39E-4 253 2.77E-3 -3.74E-3
156 3.40E-3 6.53E-5 205 7.09E-3 2.73E-3 254 1.10E-2 -5.85E-3
157 1.19E-3 -2.20E-3 206 1.02E-2 2.15E-3 255 1.70E-2 -4.18E-3
158 3.60E-3 5.52E-3 207 2.34E-2 7.51E-3 256 1.88E-2 -5.77E-4
159 1.93E-2 1.33E-3 208 3.04E-2 2.09E-3 257 1.31E-2 -2.95E-4
160 3.55E-2 -1.82E-4 209 1.22E-2 -4.59E-4 258 1.14E-2 -2.22E-3
161 7.45E-3 -5.59E-5 210 1.21E-2 -5.82E-4 259 1.48E-2 1.89E-3
162 -5.78E-4 -2.94E-4 211 1.09E-2 -4.21E-3 260 4.92E-3 1.44E-3
163 4.42E-3 -4.29E-3 212 6.70E-3 -2.56E-3 261 6.39E-3 2.38E-3
164 2.89E-3 2.66E-3 213 3.45E-3 2.97E-3 262 -1.96E-3 1.80E-4
165 1.17E-2 -1.51E-2 214 5.11E-5 -1.74E-4 263 6.43E-3 2.31E-3
166 3.09E-3 -2.73E-3 215 -4.27E-3 -5.88E-4 264 7.06E-3 -7.04E-4
167 2.42E-3 -6.30E-3 216 4.59E-3 -1.22E-2 265 1.33E-2 1.14E-4
168 5.10E-3 -6.05E-3 217 -6.16E-3 -1.58E-3 266 1.01ET2 -3.43E-3
169 6.36E-3 -1.29E-3 218 1.56E-3 -1.90E-3 267 9.88E-3 -5.74E-3
170 4.48E-3 -3.95E-3 219 2.78E-4 1.26E-3 268 4.61E-3 8.67E-4
171 1.63E-2 -2.45E-3 220 5.62E-3 -1.42E-2 269 5.93E-3 -5.31E-4
172 5.43E-3 -1.11E-3 221 5.24E-3 -3.72E-3 270 1.38E-2 -8.21E-3
173 5.70E-3 3.58E-3 222 1.16E-2 -7.56E-3 271 1.65E-2 5.46E-3
174 2.02E-2 6.55E-3 223 1.88E-2 -1.17E-2 272 3.18E-2 1.22E-2
175 3.59E-2 5.74E-3 224 2.14E-2 -5.99E-5 273 1.34E-2 -6.97E-4
176 3.86E-2 4.93E-3 225 6.24E-3 -4.27E-4 274 1.37E-2 -1.49E-3
177 6.98E-3 -1.68E-3 226 9.88E-3 -8.44E-5 275 1.44E-2 3.10E-4
178 8.30E-3 9.51E-4 227 9.05E-3 -3.52E-3 276 1.86E-3 -4.82E-3
179 4.08E-3 4.86E-3 228 3.53E-3 -1.79E-3 277 1.04E-2 1.06E-3
180 9.99E-3 -1.70E-3 229 3.92E-3 3.09E-3 278 9.93E-3 -1.45E-5
181 1.01E-2 -5.04E-3 230 5.53E-3 3.71E-3 279 8.92E-3 1.37E-3
182 6.90E-3 -1.08E-2 231 1.18E-2 8.19E-4 280 1.16E-2 7.62E-4
183 4.41E-3 -5.09E-5 232 5.54E-3 3.04E-3 281 2.27E-3 7.92E-4
184 6.22E-3 -8.68E-3 233 1.08E-2 1.37E-3 282 5.27E-3 -1.81E-3
185 8.45E-3 -4.50E-3 234 1.14E-2 1.10E-3 283 2.51E-3 -4.78E-3
186 -7.41E-3 -5.17E-4 235 1.18E-2 1.15E-3 284 . 1.73E-2 -5.24E-3
187 -4.70E-3 -2.10E-3 236 1.85E-2 -5.52E-3 285 7.81E-3 -7.10E-3
215
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286 8.91E-3 -1.11E-3 319 5.54E-3 5.14E-3 352 6.10E-3 2.61E-3
287 3.95E-3 -1.46E-3 320 5.97E-3 5.53E-3 353 2.45E-2 -4.50E-3
288 1.17E-2 -4.77E-4 321 1.64E-2 -3.70E-3 354 1.92E-2 -6.51E-3
289 1.79E-2 -2.61E-3 322 1.27E-2 -3.93E-3 355 1.28E-2 -2.75E-3
290 1.18E-2 -2.71E-3 323 8.36E-3 -3.18E-3 356 9.39E-3 -2.69E-3
291 9.04E-3 0.00E+0 324 8.30E-3 -3.22E-3 357 2.07E-3 -6.56E-4
292 1.05E-2 3.54E-5 325 4.70E-3 1.56E-3 358 5.04E-4 -8.62E-4
293 8.18E-3 2.02E-4 326 1.20E-3 -2.25E-3 359 9.06E-4 -8.98E-4
294 4.00E-3 2.92E-3 327 -1.46E-3 -2.79E-3 360 1.69E-3 -3.61E-4
295 1.47E-2 -5.92E-4 328 8.82E-4 -3.33E-3 361 8.60E-3 3.56E-3
296 4.5 IE-3 2.37E-3 329 9.17E-4 1.27E-3 362 6.13E-3 3.78E-3
297. 1.27E-2 -1.46E-3 330 -9.88E-4 2.06E-3 363 1.41 E-3 2.03E-3
298 8.92E-3 5.69E-3 331 3.50E-3 5.73E-3 364 7.20E-3 6.20E-3
299 1.24E-2 9.75E-4 332 -7.39E-4 2.34E-4 365 1.36E-2 1.88E-2
300 9.89E-3 -5.90E-3 333 1.46E-3 4.03E-3 366 1.02E-2 1.35E-2
301 -1.33E-3 6.66E-3 334 3.96E-3 2.13E-3 367 9.56E-3 8.56E-3
302 9.63E-5 -1.08E-3 335 6.89E-3 5.02E-3 368 8.18E-3 1.22E-2
303 1.10E-2 2.84E-3 336 5.12E-3 4.73E-3 369 3.46E-2 -7.39E-3
304 4.20E-3 1.81E-3 337 2.00E-2 -4.16E-3 370 1.81E-2 -9.63E-3
305 1.87E-2 -5.47E-3 338 1.42E-2 -4.58E-3 371 8.59E-3 -9.31 E-3
306 1.15E-2 -8.62E-4 339 6.20E-3 -4.72E-3 372 4.08E-3 -5.94E-3
307 1.83E-2 -1.59E-3 340 6.01 E-3 -4.93E-3 373 2.45E-3 -4.10E-3
308 1.72E-2 -1.83E-3 341 7.94E-3 -3.01E-3 374 1.07E-4 -2.43E-3
309 5.94E-3 -1.34E-3 342 7.79E-3 -3.33E-4 375 6.08E-4 -3.91E-3
310 1.33E-3 -4.14E-4 343 9.21E-3 9.75E-4 376 1.25E-3 3.84E-4
311 5.93E-3 4.86E-3 344 -2.01 E-3 -1.41E-3 377 -1.31E-3 2.27E-3
312 1.12E-2 4.34E-3 345 -4.55E-4 -1.36E-3 378 1.13E-3 3.14E-3
313 2.85E-3 5.15E-3 346 7.44E-3 3.19E-3 379 2.75E-4 -4.76E-5
314 8.00E-3 7.08E-3 347 6.50E-3 6.69E-3 380 -2.53E-3 4.50E-3
315 2.34E-3 1.43E-2 348 9.19E-3 6.93E-3 381 6.31 E-3 7.38E-3
316 -3.91E-3 3.88E-4 349 4.23E-3 2.85E-3 382 4.39E-3 2.78E-3
317 3.66E-3 4.13E-3 350 -1.24E-4 9.56E-3 383 3.43E-3 -4.33E-3
318 7.74E-3 3.51E-3 351 7.53E-3 -4.77E-3 384 7.27E-3 4.27E-3
216
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF3e
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 6.44E-4 -2.06E-3 47 3.20E-2 -1.48E-2 93 1.72E-2 -1.44E-2
2 3.25E-3 -2.23E-3 48 4.94E-2 -9.34E-3 94 1.73E-2 -1.30E-2
3 8.35E-4 -2.98E-3 49 1.52E-3 -6.25E-4 95 2.82E-2 -1.80E-2
4 2.76E-3 8.80E-4 50 -2.64E-3 -1.15E-3 96 4.38E-2 -5.67E-3
5 -5.28E-3 -4.01 E-3 51 -1.82E-3 -1.54E-3 97 2.70E-3 -4.14E-4
6 -7.68E-4 3.18E-4 52 -4.61 E-3 -1.96E-3 98 7.05E-3 -1.45E-3
7 1.08E-3 -3.09E-3 53 4.35E-3 1.17E-3 99 -1.93E-3 -1.50E-3
8 3.93E-3 -3.14E-3 54 -1.69E-3 1.80E-3 100 -6.80E-4 1.90E-4
9 4.78E-3 -4.49E-3 55 2.96E-3 -3.80E-3 101 -1.21E-3 -5.84E-4
10 4.40E-3 -5.84E-4 56 1.19E-2 3.57E-4 102 -1.62E-4 -1.13E-3
11 5.81E-3 -1.30E-3 57 6.63E-3 -6.39E-4 103 6.88E-3 -4.86E-3
12 5.52E-3 5.86E-3 58 1.76E-2 -9.97E-3 104 1.31E-2 -1.62E-2
13 2.69E-3 3.94E-3 59 1.08E-2 -1.36E-2 105 1.34E-2 -1.58E-2
14 3.44E-3 -5.72E-4 60 2.23E-2 -1.78E-2 106 1.42E-2 -1.61E-2
15 5.41E-2 -2.28E-2 61 2.95E-2 -2.32E-2 107 1.41E-2 -1.46E-2
16 5.79E-2 -1.19E-2 62 2.70E-2 -1.78E-2 108 1.61E-2 -1.37E-2
17 1.53E-3 4.36E-5 63 2.43E-2 -9.67E-3 109 1.90E-2 -1.70E-2
18 1.26E-4 -3.00E-3 64 4.57E-2 -1.05E-2 110 2.43E-2 -8.84E-3
19 3.66E-3 -1.76E-3 65 4.48E-3 -5.28E-4 111 2.97E-2 -1.09E-2
20 3.13E-3 -3.89E-3 66 -5.29E-3 -8.03E-4 112 4.46E-2 -5.92E-3
21 4.38E-3 -4.18E-3 67 -3.38E-3 -1.91E-3 113 5.14E-3 -4.54E-4
22 4.78E-3 -8.89E-4 68 -5.24E-4 -3.52E-6 114 2.85E-3 -2.38E-3
23 5.92E-3 -1.51 E-3 69 -4.99E-3 4.49E-3 115 3.55E-3 2.09E-3
24 1.07E-2 -1.52E-3 70 3.67E-3 1.08E-3 116 3.83E-3 -4.42E-3
25 7.85E-3 -2.22E-3 71 2.04E-3 3.23 E-3 117 3.88E-3 9.59E-4
26 1.91 E-3 2.13E-3 72 2.52E-3 -4.46E-3 118 3.61E-3 2.57E-3
27 5.00E-3 2.80E-3 73 9.57E-3 -5.92E-3 119 4.24E-3 2.08E-3
28 6.66E-3 5.38E-3 74 1.42E-2 -1.07E-2 120 1.40E-2 -8.77E-3
29 2.21E-2 -1.97E-3 75 2.21E-2 -1.15E-2 121 1.57E-2 -1.28E-2
30 5.36E-2 -2.72E-2 76 1.46E-2 -1.44E-2 122 1.33E-2 -1.45E-2
31 4.21E-2 -2.17E-2 77 1.91E-2 -1.95E-2 123 1.57E-2 -1.35E-2
32 4.74E-2 -1.13E-2 78 1.67E-2 -1.30E-2 124 1.26E-2 -1.28E-2
33 2.02E-3 -7.87E-4 79 2.44E-2 -8.34E-3 125 1.10E-2 -1.34E-2
34 ' 1.21 E-3 -4.17E-4 80 4.45E-2 -9.70E-3 126 1.97E-2 -9.00E-3
35 -3.33E-3 -2.23E-3 81 9.66E-4 0.00E+0 127 2.94E-2 -1.05E-2
36 4.05E-3 -9.39E-4 82 -2.31 E-3 -5.77E-4 128 4.13E-2 -8.50E-3
37 1.12E-3 7.40E-4 83 1.72E-3 -3.32E-4 129 6.78E-4 -4.50E-4
38 1.56E-5 -2.95E-4 84 4.50E-4 7.03E-5 130 -1.65E-3 9.33E-4
39 5.34E-3 1.52E-3 85 -1.13E-3 4.94E-3 131 -3.20E-3 1.09E-3
40 7.30E-3 3.36E-4 86 -3.32E-3 4.37E-3 132 3.47E-3 1.74E-3
41 6.17E-3 3.62E-3 87 -3.62E-3 1.85E-4 133 -9.45E-4 4.53E-3
42 9.76E-4 4.47E-3 88 7.71E-4 -6.78E-3 134 2.83E-3 -5.54E-4
43 8.96E-3 -4.65E-3 89 1.32E-2 -1.58E-2 135 9.92E-3 -6.23E-3
44 1.49E-2 -1.73E-3 90 1.67E-2 -2.15E-2 136 1.03E-2 -2.44E-3
45 4.13E-2 -1.64E-2 91 2.03E-2 -2.16E-2 137 2.45E-2 -1.53E-2
46 3.20E-2 -1.96E-2 92 2.12E-2 -2.18E-2 138 1.86E-2 -1.66E-2
217
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 2.13E-2 -7.77E-3 188 1.58E-2 -1.53E-2 237 2.02E-2 -1.12E-2
140 1.85E-2 -1.48E-2 189 1.72E-2 -1.68E-2 238 2.46E-2 -1.21E-2
141 1.58E-2 -1.27E-2 190 2.31E-2 -1.63E-2 239 1.19E-2 -8.75E-3
142 1.65E-2 -1.46E-2 191 2.70E-2 -1.27E-2 240 2.17E-2' -4.23E-3
143 2.98E-2 -1.36E-2 192 2.66E-2 -6.06E-3 241 7.76E-3 2.84E-4
144 3.22E-2 -1.07E-2 193 3.25E-3 5.26E-4 242 3.74E-3 -3.59E-3
145 4.87E-3 -9.33E-4 194 8.34E-3 -1.36E-3 243 5.24E-3 -3.69E-3
146 -3.72E-3 -9.23E-4 195 3.67E-3 -3.48E-3 244 7.88E-3 -9.98E-4
147 1.82E-4 -1.76E-3 196 8.00E-3 1.29E-3 245 5.83E-3 2.79E-3
148 -1.59E-3 -4.20E-3 197 7.18E-3 1.51 E-3 246, 1.79E-2 1.05E-3
149 5.13E-3 5.69E-3 198 6.81E-3 4.95E-4 247 1.78E-2 4.02E-3
150 -1.74E-3 -2.82E-3 199 9.13E-3 -2.42E-3 248 1.64E-2 -2.39E-3
151 1.09E-2 -7.28E-3 200 1.39E-2 -7.97E-4 249 1.95E-2 -4.92E-4
152 2.11E-2 -1.19E-2 201 1.27E-2 -1.91E-3 250 1.35E-2 -1.36E-3
153 1.45E-2 -1.09E-2 202 1.01E-2 5.48E-4 251 2.08E-2 -5.75E-3
154 1.54E-2 -9.29E-3 203 1.37E-2 -5.66E-3 252 1.46E-2 -1.26E-2
155 2.25E-2 -8.78E-3 204 1.93E-2 -1.43E-2 253 2.35E-2 -1.13E-2
156 1.73E-2 -1.53E-2 205 2.18E-2 -1.39E-2 254 1.63E-2 -5.09E-3
157 1.71E-2 -9.27E-3 206 1.88E-2 -1.10E-2 255 2.25E-2 -6.82E-3
158 1.85E-2 -1.37E-2 207 2.14E-2 -1.41E-2 256 2.13E-2 -2.43E-3
159 3.05E-2 -9.85E-3 208 1.88E-2 -4.88E-3 257 9.67E-3 -9.28E-4
160 4.53E-2 -8.61 E-3 209 6.12E-3 -1.64E-3 25.8 6.89E-3 -2.35E-3
161 3.48E-3 -3.39E-3 210 3.15E-3 -4.57E-4 259 2.21E-3 -1.52E-3
162 -2.54E-3 1.03E-3 211 3.24E-3 -1.51 E-3 260 4.12E-3 -1.37E-3
163 -4.64E-3 1.49E-3 212 4.19E-3 -2.15E-3 261 1.18E-2 1.67E-3
164 -4.88E-3 3.82E-3 213 8.03E-3 8.60E-4 262 9.39E-3 2.07E-3
165 6.43E-3 -1.28E-3 214 1.43E-2 3.45E-3 263 8.38E-3 6.28E-3
166 6.71 E-3 2.13E-3 215 1.89E-2 2.11 E-3 264 1.28E-2 2.88E-3
167 3.33E-3 -2.99E-3 216 1.04E-2 4.92E-3 265 1.51E-2 1.39E-3
168 8.88E-3 3.95E-3 217 1.28E-2 1.69E-3 266 1.72E-2 -3.97E-3
169 1.34E-2 2.81E-4 218 2.31E-2 -5.54E-3 267 2.36E-2 -1.33E-2
170 1.88E-2 -5.34E-3 219 2.10E-2 -1.50E-2 268 5.52E-3 -1.25E-4
171 1.95E-2 -1.23E-2 220 2.17E-2 -1.24E-2 269 . 1.62E-2 -5.90E-3
172 2.07E-2 -1.27E-2 221 1.91E-2 -1.16E-2 270 8.15E-3 -6.68E-3
173 2.04E-2 -1.28E-2 222 2.27E-2 -1.62E-2 271 2.11E-2 -5.85E-3
174 2.03E-2 -1.59E-2 223 2.25E-2 -9.08E-3 272 1.55E-2 9.50E-4
175 2.74E-2 -1.43E-2 224 2.04E-2 -4.57E-3 273 8.53E-3 -2.84E-3
176 2.40E-2 -4.98E-3 225 6.89E-3 -1.55E-3 274 8.24E-3 -4.41 E-3
177 1.57E-3 7.67E-5 226 2.54E-3 -6.84E-4 275 3.70E-3 -3.13E-3
178 5.25E-3 -3.74E-3 227 -6.41E-4 -1.31E-3 276 3.89E-3 -4.80E-3
179 4.00E-3 -2.46E-3 228 4.51E-4 -1.39E-4 277 9.38E-3 -2.46E-3
180 1.80E-3 -1.53E-3 229 3.47E-3 -2.89E-4 278 -2.68E-4 1.78E-3
181 9.79E-3 5.00E-3 230 7.32E-3 9.16E-4 279 1.26E-2 -2.60E-3
182 -1.24E-3 2.55E-3 231 1.38E-2 8.82E-4 280 1.12E-2 2.82E-3
183 1.01E-2 3.03E-3 232 1.74E-2 1.39E-3 281 1.49E-2 1.96E-3
184 1.27E-2 5.22E-3 233 1.81E-2 3.31 E-3 282 1.48E-2 9.54E-4
185 1.51E-2 -8.17E-4 234 1.28E-2 -2.74E-3 283 1.47E-2 -2.41E-4
186 1.57E-2 -5.41E-3 235 1.39E-2 -9.43E-3 284 1.79E-2 -5.16E-3
187 1.46E-2 -9.06E-3 236 2.39E-2 -1.74E-2 285 1.76E-2 -6.90E-3
218
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286 1.88E-2 -3.75E-3 319 6.13E-3 4.68E-3 352 8.23E-4 6.93E-5
287 1.14E-2 -5.56E-4 320 2.59E-3 2.99E-3 353 2.25E-2 -9.17E-3
288 4.12E-3 2.59E-3 321 1.59E-2 -3.24E-3 354 2.03E-2 -9.03E-3
289 1.19E-2 -2.48E-3 322 1.33E-2 -2.42E-3 355 1.62E-2 -6.06E-3
290 1.25E-2 -9.54E-4 323 7.50E-3 -3.42E-3 356 5.51E-3 -2.57E-3
291 1.34E-2 -6.64E-4 324- 1.36E-2 -4.45E-3 357 3.35E-3 -2.59E-3
292 8.03E-3 -3.75E-3 325 8.10E-3 -3.88E-3 358 3.93E-6 9.83E-4
293 1.30E-2 1.90E-3 326 3.90E-3 -9.23E-4 359 -9.28E-4 -2.16E-3
294 5.81E-3 1.40E-3 327 1.11E-2 7.03E-4 360 3.49E-3 2.30E-3
295 1.87E-2 2.18E-3 328 6.03E-3 2.54E-8 361 -6.92E-3 1.92E-3
296 1.18E-3 1.37E-3 329 4.04E-3 3.68E-4 362 -2.15E-3 6.88E-4
297 1.20E-2 8.67E-3 330 3.33E-3 -2.36E-3 363 -1.77E-3 1.76E-3
298 9.81E-3 4.63E-3 331 4.45E-3 1.07E-3 364 -2.67E-3 -7.26E-4
299 8.61E-3 3.83E-3 332 4.08E-3 1.11 E-3 365 -1.62E-3 1.06E-3
300 1.08E-2 5.15E-3 333 5.04E-3 4.95E-4 366 2.11 E-3 5.94E-4
301 1.22E-2 -1.22E-4 334 5.03E-3 3.27E-4 367 2.00E-3 -2.27E-3
302 1.36E-2 1.73E-3 335 6.52E-3 5.29E-3 368 6.38E-4 1.34E-3
303 5.53E-3 1.04E-3 336 3.74E-3 2.63E-3 369 3.41E-2 -6.63E-3
304 7.21 E-3 4.06E-3 337 2.19E-2 -3.69E-3 370 2.12E-2 -1.12E-2
305 2.13E-2 -1.90E-3 338 1.53E-2 -5.46E-3 371 7.24E-3 -1.19E-2
306 9.71 E-3 -2.26E-3 339 1.77E-2 -4.19E-3 372 8.30E-4 -5.00E-3
307 9.66E-3 -3.63E-3 340 1.38E-2 -2.88E-3 373 9.60E-4 2.33E-3
308 6.60E-3 -3.29E-3 341 3.01 E-3 -3.77E-3 374 -3.08E-3 -8.75E-5
309 4.74E-3 -3.00E-3 342 9.26E-3 -4.08E-3 375 -1.63E-3 -3.21 E-3
310 9.00E-3 1.66E-4 343 2.18E-3 -2.06E-3 376 -3.20E-3 -4.39E-3
311 1.11E-2 3.13E-4 344 1.09E-2 8.94E-3 377 -1.96E-3 1.15E-3
312 2.90E-3 2.98E-3 345 1.36E-3 -2.10E-3 378 -1.43E-3 -4.23E-3
313 4.72E-3 -4.49E-4 346 -4.01 E-3 -2.11 E-3 379 -2.29E-4 -4.41 E-3
314 -3.13E-3 -8.94E-4 347 -1.95E-3 7.69E-5 380 6.41 E-3 3.46E-4
315 5.72E-3 1.95E-3 348 -3.67E-3 -1.09E-3 381 -7.57E-4 -2.51 E-3
316 5.78E-3 -1.16E-3 349 -2.21 E-3 -1.99E-4 382 -1.07E-3 2.52E-3
317 1.03E-2 1.81E-3 350 3.29E-3 9.65E-4 383 -2.15E-3 3.15E-3
318 1.05E-2 2.93E-3 351 1.23E-3 -3.50E-4 384 4.95E-3 8.02E-4
219
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF4a
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 -1.20E-3 4.54E-4 47 2.03E-2 -2.48E-3 93 3.69E-3 9.48E-4
2 -1.27E-3 5.50E-4 48 2.33E-2 2.26E-3 94 1.22E-2 -1.30E-3
3 -1.86E-3 2.93 E-3 49 8.99E-4 1.58E-3 95 1.27E-2 6.42E-4
4 -1.45E-3 3.44E-3 50 -3.22E-3 2.68E-3 96 2.02E-2 -2.06E-3
5 -2.09E-3 3.49E-3 51 -2.70E-3 2.70E-3 97 -5.92E-3 2.74E-3
6 -7.98E-4 4.19E-3 52 -3.49E-3 4.48E-3 98 -5.93E-3 2.92E-3
7 -1.03E-3 3.17E-3 53 -2.77E-3 5.58E-3 99 -6.75E-3 3.39E-3
8 -1.02E-3 3.08E-3 54 -1.89E-3 6.21 E-3 100 -3.57E-3 3.27E-3
9 6.05E-4 2.97E-3 55 1.98E-3 3.98E-3 101 2.19E-4 2.86E-3
10 5.11E-4 2.44E-3 56 -1.69E-3 5.56E-3 102 -2.07E-3 2.58E-3
11 3.91E-4 1.92E-3 57 3.52E-3 5.03E-3 103 -2.66E-3 3.93E-3
12 3.30E-4 2.05E-3 58 4.96E-3 2.48E-3 104 1.13E-3 2.84E-3
13 1.02E-2 3.01E-3 59 4.48E-3 1.07E-3 105 2.56E-3 1.57E-3
14 1.80E-2 1.82E-3 60 2.76E-3 4.37E-3 106 4.04E-3 1.23E-3
15 1.89E-2 -5.07E-3 61 3.06E-3 2.18E-3 107 4.43E-3 2.81 E-3
16 2.16E-2 1.30E-3 62 6.49E-3 -1.03E-3 108 3.70E-3 2.05E-3
17 -3.54E-3 1.96E-3 63 1.63E-2 -9.01E-4 109 7.20E-3 9.90E-4
18 -2.64E-3 -1.15E-4 64 2.36E-2 6.75E-4 110 1.25E-2 -1.68E-3
19 6.57E-4 7.33E-4 65 -1.66E-4 2.52E-3 111 1.59E-2 -1.48E-4
20 -1.30E-4 1.42E-3 66 -5.62E-3 3.23E-3 112 2.08E-2 -1.76E-3
21 -4.14E-3 3.22E-3 67 -4.07E-3 3.89E-3 113 -8.24E-3 2.44E-3
22 -2.23E-3 5.42E-3 68 . -3.43E-3 3.29E-3 114 -6.84E-3 1.98E-3
23 -9..63E-4 4.11 E-3 69 -4.36E-3 4.48E-3 115 -5.40E-3 3.37E-3
24 1.44E-3 4.99E-3 70 -2.47E-3 6i24E-3 116 -4.83E-3 2.37E-3
25 6.33E-4 4.61 E-3 71 1.56E-3 5.55E-3 117 -3.58E-3 3.66E-3
26 9.15E-4 4.40E-3 72 6.88E-4 6.35E-3 118 -1.66E-3 1.81E-3
27 2.96E-4 4.68E-3 73 -2.24E-3 6.52E-3 119 -5.99E-4 3.55E-3
28 2.30E-4 4.13E-3 74 -1.74E-3 5.25E-3 120 -2.89E-4 3.32E-3
29 4.82E-5 3.99E-3 75 -3.41E-5 4.59E-3 121 5.17E-4 6.70E-5
30 1.52E-3 2.31E-3 76 4.43E-4 2.3 3 E-3 122 5.02E-3 5.43E-4
31 1.16E-2 2.25E-3 77 1.73E-3 2.97E-3 123 2.99E-3 2.73E-4
32 2.31E-2 2.82E-3 78 1.30E-2 -1.9 3 E-3 124 3.66E-3 2.17E-3
33 2.04E-3 9.18E-4 79 1.89E-2 -3.09E-3 125 7.99E-3 3.23E-4
34 -4.23E-4 2.17E-3 80 1.72E-2 1.01 E-3 126 1.44E-2 -1.16E-3
35 -3.58E-3 3.87E-3 81 -6.36E-3 2.14E-3 127 1.81E-2 -9.55E-4
36 -3.55E-3 3.68E-3 82 -4.78E-3 1.05E-3 128 2.08E-2 -4.06E-4
37 -5.01E-3 3.38E-3 83 -3.49E-3 3.71 E-3 129 -8.49E-3 1.24E-3
38 -3.24E-3 5.99E-3 84 -3.99E-3 2.65E-3 130 -5.84E-3 1.00E-3
39 -2.82E-3 5.60E-3 85 -2.52E-3 3.39E-3 131 -5.94E-3 1.99E-3
40 -6.96E-4 5.03E-3 86 -1.72E-3 3.85E-3 132 -4.50E-3 2.45E-3
41 5.64E-4 4.13E-3 87 -1.34E-3 2.25E-3 133 -1.99E-3 1.18E-3
42 -1.70E-3 4.67E-3 88 -3.79E-4 4.21 E-3 134 -2.01 E-3 2.41E-3
43 1.11E-3 4.26E-3 89 3.39E-3 3.30E-3 135 -1.31E-3 2.32E-3
44 1.53E-3 2.87E-3 90 1.57E-3 2.60E-3 136 -8.12E-4 2.19E-3
45 1.58E-3 3.34E-3 91 2.73E-3 2.83E-3 137 4.86E-4 8.42E-4
46 2.07E-3 4.21 E-3 92 . 2.49E-3 3.07E-3 138 5.21E-4 1.04E-3
220
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 4.20E-3 1.77E-3 188 9.46E-3 8.04E-4 237 9.37E-3 -1.36E-3
140 6.04E-3 2.72E-4 189 9.17E-3 1.46E-4 238 1.48E-2 -3.63E-3
141 1.07E-2 -2.43E-4 190 1.10E-2 -4.86E-4 239 1.35E-2 -2.64E-3
142 1.27E-2 5.97E-4 191 1.43E-2 -1.51E-3 240 9.08E-3 2.43 E-4
143 1.68E-2 4.27E-4 192 1.30E-2 -5.78E-5 241 -1.16E-2 -6.13 E-4
144 1.88E-2 3.16E-4 193 -9.08E-3 7.91E-4 242 -7.38E-3 -1.25E-3
145 -8.10E-3 5.12E-4 194 -6.93E-3 -1.49E-3 243 -7.33E-3 1.72E-3
146 -8.73E-3 2.12E-3 195 -2.45E-3 -1.36E-4 244 -2.87E-3 -5.09E-4
147 -4.21 E-3 5.17E-4 196 -4.07E-3 1.49E-3 245 -7.20E-4 -2.89E-3
148 -5.15E-3 1.98E-3 197 -3.57E-3 1.42E-3 246 1.52E-3 -2.23E-3
149 -1.72E-3 1.18E-3 198 -1.96E-3 1.24E-3 247 2.69E-3 -2.31 E-3
150 -1.56E-3 1.38E-3 199 4.86E-4 -6.00E-5 248 4.47E-3 -4.10E-3
151 1.09E-3 2.79E-4 200 1.28E-3 5.28E-4 249 6.79E-3 -4.14E-3
152 5.85E-4 1..48E-3 201 2.97E-3 -2.81 E-3 250 7.15E-3 -3.29E-3
153 5.29E-4 1.95E-3 202 1.87E-3 6.07E-4 251 9.56E-3 -3.66E-3
154 1.90E-3 1.57E-3 203 8.02E-3 -2.43E-3 252 8.35E-3 -3.52E-3
155 3.20E-3 -3.81E-4 204 1.07E-2 -2.22E-3 253 1.16E-2 -2.15E-3
156 9.66E-3 -9.93E-4 205 1.25E-2 -2.83E-3 254 1.27E-2 -3.93E-3
157 1.12E-2 7.99E-4 206 1.19E-2 -2.72E-4 255 1.32E-2 -2.05E-3
158 1.32E-2 -5.66E-4 207 1.59E-2 -1.88E-3 256 5.91E-4 -1.64E-3
159 1.56E-2 -2.30E-3 208 1.40E-2 8.88E-5 257 -8.63E-3 -1.85E-3
160 1.57E-2 -7.76E-4 209 -1.02E-2 5.72E-4 258 -6.40E-3 -2.00E-3
161 -8.18E-3 3.23E-4 210 -7.14E-3 -1.43 E-3 259 -3.40E-3 -2.32E-3
162 -7;08E-3 7.11E-4 211 -5.00E-3 -9.59E-4 260 -1.25E-3 -3.25E-3
163 -5.46E-3 2.26E-4 212 -4.22E-3 3.67E-4 261 -6.24E-4 -4.24E-3
164 -3.09E-3 1.03E-4 213 -2.41 E-3 1.06E-3 262 5.86E-4 -2.12E-3
165 -1.77E-3 5.31E-4 214 -1.78E-3 1.80E-3 263 2.40E-4 -1.59E-3
166 -3.26E-3 1.52E-3 215 1.20E-3 -1.76E-3 264 2.85E-4 -3.78E-3
167 7.62E-4 6.50E-4 216 2.42E-3 -2.52E-4 265 4.28E-3 -2.59E-3
168 1.75E-3 -1.10E-3 217 3.92E-3 -7.50E-4 266 3.05E-3 -9.10E-4
169 2.86E-3 -1.42E-3 218 4.29E-3 -9.65E-4 267 6.61E-3 -3.58E-3
170 2.44E-3 2.68E-3 219 8.38E-3 -3.36E-3 268 6.54E-3 -2.81E-3
171 4.18E-3 9.11E-4 220 1.05E-2 -1.80E-3 269 1.01E-2 -6.60E-3
172 8.35E-3 -2.84E-4 221 1.29E-2 -3.67E-3 270 1.36E-2 -3.78E-3
173 9.00E-3 3.26E-4 222 1.40E-2 -3.22E-3 271 9.38E-3 -3.61 E-3
174 1.30E-2 -1.02E-3 223 1.34E-2 -1.55E-3 272 2.61E-3 -1.45E-4
175 1.88E-2 -1.42E-3 224 1.36E-2 -5.09E-4 273 -6.07E-3 -3.04E-3
176 1.75E-2 -1.16E-3 225 -1.04E-2 -1.49E-3 274 -3.97E-3 -4.06E-3
177 -9.18E-3 1.40E-3 226 -8.34E-3 2.40E-4 275 -3.80E-3 -4.06E-3
178 -7.89E-3 8.05E-4 227 -7.31 E-3 1.21E-3 276 -2.57E-3 -4.84E-3
179 -6.99E-3 1.22E-3 228 -4.80E-3 1.17E-3 277 -1.50E-3 -4.31 E-3
180 -4.05E-3 7.41E-4 229 -1.23E-3 -1.06E-3 278 -4.41 E-4 -2.57E-3
181 -3.46E-3 1.04E-3 230 7.34E-4 -2.31 E-3 279 1.13E-3 -3.49E-3
182 -2.44E-3 1.52E-3 231 1.04E-3 -2.84E-3 280 2.89E-3 -5.03E-3
183 -1.99E-3 2.96E-3 232 4.21 E-3 -4.05E-3 281 1.74E-3 -1.45E-3
184 -6.55E-4 4.56E-4 233 5.54E-3 -2.32E-3 282 5.60E-3 -2.92E-3
185 -4.22E-5 3.50E-4 234 6.88E-3 -2.59E-3 283 5.27E-3 -3.92E-3
186 '2.77E-3 9.48E-4 235 9.59E-3 -3.34E-3 284 1.11E-2 -4.05E-3
187 6.68E-3 -1.88E-3 236 1.13E-2 -3.03E-3 285 1.48E-2 -6.18E-3
221
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 -1.12E-3 -6.43E-3 319 5.22E-4 -2.29E-3 352 -2.60E-3 2.78E-4
287 3.56E-3 -1.41E-3 320 -2.48E-3 -6.20E-4 353 5.08E-3 -3.41 E-3
288 -3.53E-3 -6.51E-4 321 -1.31 E-3 -4.67E-3 354 5.41E-3 -6.58E-3
289 -5.23E-3 -1.57E-3 322 -1.33E-5 -5.90E-3 355 3.94E-3 -9.65E-3
290 -4.25E-3 -3.74E-3 323 -1.70E-3 -7.46E-3 356 1.99E-3 -1.01E-2
291 -5.40E-3 -6.96E-3 324 8.14E-4 -5.49E-3 357 9.07E-4 -1.16E-2
292 -2.47E-3 -3.56E-3 325 2.91 E-3 -8.64E-3 358 8.93E-4 -1.03E-2
293 -1.29E-3 -6.82E-3 326 2.40E-3 -7.91E-3 359 5.37E-3 -1.06E-2
294 -1.16E-3 -7.05E-3 327 1.61 E-3 -6.98E-3 360 3.22E-3 -6.35E-3
295 -1.28E-3 -6.10E-3 328 5.55E-3 -9.73 E-3 361 2.31E-3 -4.63E-3
296 2.38E-3 -7.27E-3 329 6.44E-3 -9.91E-3 362 2.69E-3 -6.80E-3
297 5.24E-3 -7.01E-3 330 7.26E-3 -8.09E-3 363 6.20E-3 -4.40E-3
298 9.23E-3 -8.39E-3 331 7.53E-3 -8.24E-3 364 1.98E-3 1.15E-3
299 7.98E-3 -4.99E-3 332 3.38E-3 -4.94E-3 365 3.81E-3 -4.23E-3
300 1.06E-2 -6.41E-3 333 5.80E-3 -4.14E-3 366 1.70E-4 -1.30E-3
301 1.00E-2 -5.28E-3 334 -2.87E-3 -2.42E-3 367 2.37E-4 -1.21 E-4
302 1.23E-2 -3.07E-3 335 -8.47E-4 1.49E-3 368 -3.84E-3 -6.77E-4
303 5.15E-3 -5.64E-4 336 -3.01 E-4 4.44E-5 369 1.06E-2 -5.44E-3
304 -1.49E-3 9.47E-4 337 1.43E-3 -5.09E-3 370 5.70E-3 -1.30E-2
305 -1.53E-3 7.13E-3 338 2.32E-3 -6.05E-3 371 2.95E-3 -1.08E-2
306 -2.18E-3 -1.06E-3 339 2.00E-3 -9.05E-3 372 1.52E-3 -1.26E-2
307 -1.61E-3 -3.70E-3 340 2.31 E-3 -7.60E-3 373 1.69E-3 -8.79E-3
308 -7.74E-4 -5.27E-3 341 1.75E-3 -8.33E-3 374 3.16E-3 -1.26E-2
309 -6.99E-4 -6.86E-3 342 2.04E-3 -1.00E-2 375. 4.61 E-4 -7.27E-3
310 1.06E-3 -5.01 E-3 343 5.95E-3 -7.39E-3 376 3.42E-3 -8.22E-3
311 1.13E-3 -7.23E-3 344 4.40E-3 -8.29E-3 377 2.81 E-4 -6.05E-3
312 1.38E-3 -9.82E-3 345 7.34E-3 -9.60E-3 378 1.88E-3 -4.70E-3
313 4.71E-3 -5.86E-3 346 5.64E-3 -7.02E-3 379 7.57E-4 -3.5 3 E-3
314 8.42E-3 -7.84E-3 347 9.67E-4 -5.91 E-3 380 3.69E-3 -2.99E-4
315 7.59E-3 -8.73E-3 348 -4.00E-3 -2.65E-3 381 1.33E-3 1.36E-3
316 8.23E-3 -5.67E-3 349 2.90E-3 -4.04E-3 382 -1.81E-3 1.09E-3
317 7.21 E-3 -5.32E-3 350 7.42E-3 -3.65E-3 383 -1.60E-3 -1.78E-3
318 1.83E-3 -1.64E-3 351 1.48E-3 -2.49E-3 384 1.03E-4 -1.02E-3
222
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF4c
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 5.23E-4 -6.78E-4 47 6.96E-3 3.78E-3 93 3.95E-3 -1.02E-3
2 6.72E-4 -1.01E-3 48 1.98E-2 3.24E-3 94 1.67E-3 1.92E-4
3 6.45E-4 -1.20E-3 49 1.87E-3 -4.53E-4 95 7.99E-3 1.40E-3
4 -1.03E-4 5.71E-4 50 2.60E-3 -7.90E-4 96 2.74E-2 -1.96E-4
5 -8.00E-4 -2.17E-3 51 2.09E-3 -8.51 E-4 97 4.79E-3 -7.45E-4
6 1.11 E-3 -1.37E-3 ■ 52 . 2.50E-3 -1.24E-3 98 5.11E-3 1.00E-4
7 1.70E-3 6.66E-4 53 4.08E-3 -5.64E-4 99 3.77E-3 -1.06E-3
8 1.42E-3 3.18E-3 54. 3.08E-3 -1.05E-4 100 2.20E-3 -3.37E-4
9 -2.25E-4 5.52E-3 55 2.21 E-3 -1.84E-3 101 4.54E-4 -1.82E-3
10 3.30E-3 9.32E-3 56 -8.40E-5 -1.15E-3 102 3.48E-3 -2.18E-3
11 -1.01E-4 3.92E-3 57 2.61E-3 -5.83E-4 103 4.31 E-3 1.40E-4
12 1.60E-2 1.06E-3 58 -3.54E-4 -2.26E-3 104 -4.06E-4 -8.98E-4
13 1.62E-2 2.37E-3 59 3.63E-3 -1.01 E-3 105 3.97E-3 -8.37E-4
14 1.69E-2 3.45E-3 60 -7.63E-3 2.47E-3 106 2.17E-3 -2.19E-3
15 1.67E-2 7.41E-3 61 1.26E-3 2.26E-3 107 -1.79E-3 8.93E-4
16 2.01E-2 4.75E-3 62 1.12E-3 1.20E-3 108 5.79E-3 5.69E-3
17 1.06E-3 -1.18E-3 63 5.47E-3 2.48E-3 109 -3.41 E-4 2.56E-3
18 1.18E-3 -7.40E-4 64 2.10E-2 5.84E-4 110 5.44E-3 1.30E-3
19 1.10E-3 -1.38E-3 65 3.27E-3 -2.79E-4 111 5.73E-3 1.63E-3
20 1.43E-3 -1.19E-3 66 1.93E-3 -1.92E-3 112 2.15E-2 -3.85E-4
21 1.29E-3 -6.21 E-4 67 2.97E-3 -9.61 E-4 113 2.3 5 E-3 -1.27E-4
22 -4.78E-4 -1.22E-4 68 -4.84E-4 -1.84E-3 114 4.42E-3 -4.70E-4
23 -9.06E-4 1.42E-3 69 3.79E-3 -2.5 3 E-3 115 4.96E-3 1.90E-4
24 -1.74E-3 3.74E-3 70 1.11E-3 1.96E-4 116 2.76E-3 -1.08E-3
25 -1.92E-3 2.08E-3 71 -4.64E-4 -1.85E-3 117 5.87E-3 -3.43E-3
26 -5.53E-4 4.13E-3 72 2.10E-3 -1.14E-6 118 3.26E-3 1.25E-4
27 8.74E-3 -3.96E-3 73 2.89E-3 -2.84E-3 119 3.32E-3 -6.75E-4
28 1.24E-2 -1.27E-3 74 -2.23E-3 -4.84E-3 120 1.87E-3 -1.29E-3
29 5.19E-3 4.51E-3 75 -3.39E-3 1.47E-3 121 1.00E-2 -1.39E-3
30 7.30E-3 8.70E-3 76 5.55E-3 1.93E-3 122 8.32E-3 -1.84E-3
31 1.16E-2 4.76E-3 77 5.47E-4 5.65E-3 123 2.06E-3 3.57E-3
32 2.07E-2 3.25E-3 78 -2.27E-3 1.62E-3 124 -3.88E-3 3.22E-3
33 8.18E-4 -1.54E-3 79 2.38E-4 2.16E-3 125 3.62E-3 5.33E-4
34 9.92E-4 -1.70E-3 80 2.21E-2 6.38E-4 126 5.96E-3 2.99E-3
35 8.54E-4 -2.26E-3 81 3.06E-3 -4.74E-4 127 2.84E-3 2.05E-3
36 1.94E-3 -3.22E-3 82 3.87E-3 -1.16E-3 128 2.31E-2 1.54E-3
37 -3.74E-4 1.27E-3 83 3.26E-3 -9.13E-4 129 5.68E-3 -8.14E-4
38 -2.79E-3 2.58E-4 84 4.0.2E-3 -7.28E-4 130 3.60E-3 -1.58E-4
39 -2.71E-3 3.94E-3 85 1.23E-3 -1.91E-3 131 3.56E-3 -9.84E-4
40 -2.00E-4 3.13E-4 86 1.61 E-3 -1.72E-3 132 2.66E-3 -1.72E-3
41 3.05E-3 1.46E-3 87 -2.43E-3 9.72E-4 133 3.93E-3 -1.05E-4
42 6.26E-3 6.99E-4 88 5.36E-3 -3.83E-3 134 1.31 E-3 -3.43E-4
43 1.34E-2 -3.96E-3 89 1.83E-3 -2.00E-3 135 3.62E-3 -2.44E-3
44 1.12E-2 -4.64E-4 90 3.36E-3 1.70E-4 136 1.49E-3 -1.91E-3
45 -1.16E-3 2.92E-3 91 9.10E-3 3.72E-3 137 4.87E-3 1 -4.42E-3
46 6.99E-3 -1.08E-3 92 -5.32E-3 -7.25E-4 138 -1.12E-3 2.51 E-3
223
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 3.52E-3 1.60E-3 188 5.67E-3 -6.06E-4 237 8.27E-4 2.29E-3
140 2.07E-3 -3.04E-3 189 8.22E-4 1.57E-3 238 -1.06E-2 4.35E-3
141 5.96E-3 2.58E-4 190 1.12E-2 -1.55E-3 239 -6.00E-3 1.65E-3
142 -1.84E-3 2.81 E-3 191 1.37E-2 -3.08E-3 240 -2.49E-5 3.12E-3
143 8.59E-3 4.37E-4 192 2.68E-2 -2.52E-3 241 8.79E-3 -7.90E-4
144 2.50E-2 -5.90E-4 193 6.61E-3 -9.12E-4 242 7.71E-3 -1.50E-3
145 3.76E-3 -2.70E-4 194 6.19E-3 -2.99E-4 243 8.88E-3 -1.73E-3
146 4.59E-3 -7.47E-4 195 3.38E-3 -1.32E-3 244 4.55E-3 -2.37E-3
147 5.10E-3 -1.35E-3 196 6.12E-3 -2.27E-3 245 1.71 E-3 -1.16E-3
148 4.07E-3 -5.09E-4 197 5.44E-5 -1.73E-3 246 -5.93E-4 4.15E-4
149 3.35E-3 -6.91 E-4 198 -1.21E-3 -6.94E-4 247 4.12E-3 -4.01E-3
150 6.90E-3 4.16E-4 199 -9.46E-5 -3.63E-4 248 8.02E-3 -4.58E-4
151 6.98E-3 -3.10E-3 200 3.42E-3 9.13E-5 249 6.23E-3 -3.23E-3
152 4.60E-3 1.10E-3 201 2.37E-3 8.30E-4 250 6.81E-3 -5.54E-3
153 1.19E-3 -2.97E-3 202 -1.37E-3 -1.50E-3 251 5.29E-3 -4.29E-3
154 -6.83E-3 3.38E-3 203 5.72E-3 -3.60E-3 252 5.47E-3 -3.90E-3
155 5.58E-4 1.34E-3 204 1.12E-2 -2.09E-3 253 1.73E-3 -3.62E-3
156 4.07E-3 -1.23 E-3 205 2.50E-3 -1.13E-3 254 6.28E-3 -3.25E-3
157 4.08E-3 2.14E-3 206 1.05E-2 3.35E-4 255 8.44E-3 -3.42E-3
158 7.02E-3 -2.75E-3 207 5.82E-3 1.94E-3 256 3.67E-3 6.31 E-4
159 1.07E-2 1.14E-3 208 2.22E-2 -4.23E-3 257 9.34E-3 -1.18E-3
160 2.04E-2 -4.50E-4 209 7.74E-3 -5.31 E-4 258 8.27E-3 -2.04E-3
161 5.26E-3 -6.52E-4 210 6.75E-3 -5.30E-4 259 6.62E-3 -8.12E-4
162 5.75E-3 -9.36E-4 211 5.27E-3 -2.10E-3 260 2.82E-3 -2.25E-3
163 » 6.90E-3 -1.73E-3 212 4.96E-3 -9.44E-4 261 5.00E-3 -2.85E-3
164 6.58E-3 -1.62E-3 213 3.17E-3 -2.46E-4 262 2.85E-3 -3.01E-3
165 -2.18E-3 -2.23E-3 214 3.68E-3 -1.13E-3 263 1.16E-4 -1.81E-3
166 -3.38E-3 -1.50E-3 215 4.87E-3 -9.82E-4 264 -2.92E-4 -9.26E-4
167 -1.10E-3 -2.89E-3 216 3.96E-3 -2.38E-3 265 1.97E-3 -2.66E-3
168 4.89E-3 -6.02E-4 217 8.19E-3 -6.69E-3 266 4.31E-3 -3.81 E-3
169 6.20E-3 1.47E-3 218 7.45E-3 -7.18E-3 267 8.58E-4 -4.81E-5
170 -5.56E-4 2.46E-3 219 6.09E-3 -6.20E-3 268 3.59E-3 -1.56E-3
171 9.62E-3 3.39E-3 220 4.88E-3 -4.86E-3 269 4.68E-3 -3.99E-3
172 5.36E-3 -1.94E-3 221 -1.10E-3 -1.65E-3 270 7.08E-3 -2.30E-3
173 2.90E-3 -1.60E-3 222 3.92E-3 -3.65E-3 271 7.15E-3 -1.62E-3
174 2.94E-3 -6.23E-4 223 7.80E-3 -5.10E-3 272 9.79E-3 -6.66E-4
175 1.38E-2 -2.34E-3 224 1.19E-2 -1.05E-3 273 1.06E-2 -1.34E-3
176 2.29E-2 -2.12E-3 225 8.36E-3 -5.59E-4 274 9.55E-3 -1.94E-3
177 6.76E-3 -2.41 E-4 226 8.39E-3 -1.30E-3 275 5.18E-3 -1.47E-3
178 6.67E-3 -1.68E-4 227 6.39E-3 -1.11E-3 276 3.97E-3 -1.45E-3
179 5.15E-3 -1.49E-3 228 -1.08E-3 -6.94E-4 277 1.43E-3 -2.89E-3
180 3.93E-3 -1.16E-3 229 3.32E-3 -9.48E-4 278 1.49E-3 -1.45E-3
181 2.54E-3 -7.59E-4 230 2.04E-3 -8.19E-4 279 -1.71E-3 -3.14E-3
182 1.67E-3 -9.65E-4 231 2.19E-3 -3.84E-3 280 -1.64E-3 -2.94E-3
183 -4.49E-4 -3.25E-3 232 3.31E-3 -8.77E-4 281 1.82E-3 -4.48E-3
184 1.97E-3 -4.09E-3 233 8.02E-3 -2.06E-3 282 5.27E-3 -3.53E-3
185 8.85E-3 -1.94E-3 234 5.58E-3 -4.80E-3 283 4,83E-3 -2.25E-3
186 7.48E-3 8.95E-4 235 5.38E-3 -3.81E-3 284 4.96E-3 -2.80E-3
187 4.99E-3 -4.98E-4 236 -2.76E-5 -2.59E-3 285 5.69E-3 -3.65E-3
224
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 3.61E-3 -2.11E-3 319 -3.02E-3 -1.42E-4 352 ■ 3.24E-3 2.33E-3
287 2.46E-3 -2.49E-5 320 6.36E-3 1.52E-4 353 1.69E-2 -3.64E-3
288 -2.27E-3 9.27E-4 321 1.44E-2 -2.02E-3 354 9.74E-3 -4.93E-3
289 9.41 E-3 -1.51 E-3 322 1.12E-2 -2.71 E-3 355 9.25E-3 -4.53E-3
290 7.42E-3 -2.14E-3 323 9.66E-3 -2.88E-3 356 6.42E-3 -4.30E-3
291 4.40E-3 -2.42E-3 324 5.53E-3 -2.26E-3 357 5.47E-3 -2.85E-3
292 2.62E-3 -1.86E-3 325 4.52E-3 -2.43E-3 358 3.62E-3 -2.78E-3
293 1.89E-3 -9.14E-4 326 3.18E-3 -8.58E-4 359 2.98E-3 -2.00E-3
294 1.37E-3 -2.02E-4 327 8.51 E-4 -3.59E-4 360 -1.86E-3 -2.13E-3
295 -3.33E-3 -3.40E-3 328 4.25E-3 -1.90E-3 361 7.65E-4 -3.44E-3
296 1.16E-3 1.71 E-4 329 2.10E-3 -1.38E-3 362 3.50E-3 -6.08E-4
297 -2.46E-3 -1.68E-4 330 3.60E-3 -3.43E-3 363 -4.03E-4 -1.02E-3
298 2.96E-3 -1.91E-3 331 7.94E-4 -5.95E-4 364 7.78E-4 1.28E-3
299 4.97E-3 -1.23E-3 332 2.35E-3 -4.36E-4 365 4.38E-3 -1.40E-3
300 2.78E-3 -1.72E-4 333 4.71E-3 -2.81E-3 366 2.72E-3 -6.67E-4
301 4.68E-3 -1.09E-3 334 -4.34E-5 -3.19E-4 367 2.64E-3 1.43 E-3
302 2.98E-3 6.00E-4 335 1.03E-2 1.61 E-4 368 1.78E-3 1.80E-3
303 2.70E-3 -9.22E-4 336 7.35E-3 1.12E-3 369 1.95E-2 -4.97E-3
304 5.52E-3 1.13E-3 337 1.46E-2 -2.46E-3 370 1.28E-2 -7.35E-3
305 1.03E-2 -8.66E-4 338 1.38E-2 -3.73E-3 371 4.79E-3 -4.56E-3
306 1.07E-2 -2.14E-3 339 5.63E-3 -2.89E-3 372 7.42E-4 -2.58E-3
307 5.23E-3 -2.23E-3 340 3.37E-3 -1.79E-3 373 3.44E-4 -2.55E-3
308 4.98E-3 -2.80E-3 341 1.16E-3 -9.35E-4 374 2.88E-4 -2.64E-3
309 -4.67E-4 -1.35E-3 342 1.99E-3 -2.75E-3 375 -1.68E-5 -3.65E-3
310 3.13E-3 -3.93E-3 343 2.74E-3 -8.91E-4 376 1.64E-4 -2.19E-3
311 -8.40E-4 -1.41E-3 344 -1.93E-3 -2.23E-3 377 -3.06E-4 -3.09E-3
312 2.37E-3 -1.36E-3 345 -1.13E-4 -1.09E-3 378 -1.92E-3 -1.17E-4
313 1.93E-3 -2.29E-3 346 3.18E-3 -1.40E-3 379 -2.34E-4 -1.44E-3
314 5.14E-3 -3.31 E-3 347 6.04E-3 -2.58E-3 380 -4.61E-5 4.18E-4
315 5.97E-3 -5.22E-3 348 5.44E-3 -1.07E-3 381 5.42E-4 -1.03E-3
316 -3.31 E-3 9.83E-4 349 5.47E-3 ' -3.33E-3 382 -5.27E-4 -1.17E-4
317 2.07E-3 -3.40E-3 350 9.54E-3 -4.94E-4 383 3.16E-3 1.47E-3
318 4.78E-3 -3.27E-3 351 6.15E-3 2.02E-3 384 3.54E-3 2.57E-3
225
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix /
DAF4d
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 5.45E-4 -1.15E-3 47 1.18E-3 2.63E-3 93 3.63 E-3 2.58E-3
2 645E-4 -9.86E-4 48 1.17E-2 0.00E+0 94 1.02E-3 2.47E-3
3 2.31 E-4 -8.62E-4 49 2.28E-3 -9.71E-4 95 6.93E-3 -1.26E-3
4 5.30E-4 -1.93E-3 50 2.20E-3 -4.18E-4 96 1.91E-2 -4.44E-3
5 -7.12E-5 -6.50E-4 51 2.96E-3 -1.49E-3 97 3.28E-3 -7.54E-4
6 -1.08E-3 -2.75E-3 52 1.45E-3 -1.45E-3 98 3.77E-3 -1.05E-3
7 1.27E-3 -1.21E-3 53 2.85E-3 -1.24E-3 99 3.38E-3 -4.53E-4
8 1.72E-3 4.85E-3 54 -1.61E-3 -3.96E-4 100 1.89E-3 -1.29E-3
9 1.53E-3 2.01E-3 55 -1.42E-3 8.49E-5 101 4.74E-4 -1.70E-3
10 7.79E-4 1.51 E-3 56 -7.01 E-3 -7.55E-4 102 -2.36E-3 -1.27E-4
11 5.53E-3 3.62E-3 57 6.05E-3 -2.34E-4 103 4.54E-4 -1.02E-4
12 2.13E-2 -1.02E-2 58 7.17E-3 -3.93E-3 104 -9.48E-4 -1.33E-3
13 1.03E-2 -5.78E-3 59 5.24E-3 -3.49E-3 105 -1.87E-3 -6.90E-4
14 1.90E-4 -1.48E-3 60 2.36E-3 2.72E-4 106 -3.70E-4 5.48E-4
15 6.53E-5 4.81 E-3 61 -1.56E-3 3.99E-3 107 7.61E-4 1.08E-3
16 1.11E-2 -6.29E-5 62 3.02E-4 4.53E-3 108 4.53E-3 3.53E-4
17 1.20E-3 -8.67E-4 63 1.13E-3 1.30E-4 109 5.69E-3 -1.37E-3
18 9.21E-5 7.28E-4 64 1.49E-2 -4.68E-3 110 6.16E-3 -1.71E-3
19 3.79E-4 -2.09E-3 65 3.03E-3 -4.19E-4 111 1.07E-2 -4.87E-3
20 4.61 E-4 1.81E-4 66 4.12E-3 -4.25E-4 112 1.95E-2 -5.57E-3
21 -1.25E-3 -3.60E-3 67 3.71 E-4 -1.21E-3 113 4.28E-3 -7.19E-4
22 -2.11 E-4 -1.08E-3 68 2.43E-3 -3.14E-4 114 3.77E-3 -5.21 E-4
23 3.07E-3 -1.44E-4 69 3.38E-4 -2.28E-3 115 3.44E-3 -1.43E-3
24 -1.72E-3 1.38E-4 70 4.13E-3 -1.92E-3 116 2.32E-3 -3.86E-4
25 -2.85E-3 5.34E-3 71 -1.31E-3 -2.19E-3 117 -1.25E-3 -9.56E-4
26 4.15E-3 -2.63E-3 72 3.84E-3 -3.65E-4 118 -1.17E-3 -6.87E-4
27 8.84E-3 -8.40E-3 73 5.05E-3 3.44E-3 119 -7.70E-4 7.47E-4
28 8.43E-3 -7.56E-3 74 9.27E-4 1.39E-3 120. -9.26E-4 -1.69E-3
29 3.92E-3 -4.72E-3 75 3.91E-3 7.82E-4 121 -1.23E-3 4.60E-4
30 -2.82E-3 8.23E-5 76 2.35E-3 3.09E-3 122 2.16E-3 6.53E-4
31 -9.54E-5 1.67E-3 77 3.87E-3 3.08E-4 123 4.81E-3 6.72E-4
32 1.24E-2 -4.74E-3 78 8.47E-4 -9.36E-4 124 4.93E-3 -6.21 E-4
33 2.10E-3 -8.62E-4 79 1.53E-3 -1.40E-3 125 6.47E-3 -9.31 E-4
34 2.24E-3 -1.27E-3 80 1.71E-2 -4.85E-3 126 5.98E-3 -3.85E-4
35 1.90E-3 -1.04E-3 81 4.15E-3 -8.01E-4 127 9.76E-3 -3.74E-3
36 -2.69E-4 -2.31 E-4 82 3.31 E-3 -9.68E-4 128 1.34E-2 -4.01E-3
37 -8.42E-4 -1.16E-3 83 4.49E-3 -1.47E-3 129 4.99E-3 -1.01E-3
38 1.37E-3 -2.84E-3 84 2.67E-3 -9.32E-4 130 7.21 E-3 -7.73E-4
39 -1.66E-3 -1.96E-3 85 4.58E-3 -1.91E-4 131 7.04E-3 -1.26E-3
40 -7.67E-3 2.07E-3 86 -1.70E-3 -6.40E-4 132 5.30E-3 -9.45E-4
41 -8.88E-3 2.93E-3 87 -2.07E-3 -9.97E-4 133 3.09E-3 -1.37E-3
42 -2.69E-4 -2.96E-3 88 -7.51 E-4 -2.41 E-3 134 2.57E-3 -9.77E-4
43 7.75E-3 -2.86E-3 89 -2.53E-3 8.17E-4 135 3.02E-3 -9.61 E-4
44 5.86E-3 -1.53E-3 90 1.35E-3 -7.14E-4 136 9.34E-4 3.77E-4
45 -9.46E-4 4.36E-4 91 3.35E-3 2.14E-5 137 -1.74E-3 -1.95E-3
46 -4.21 E-3 2.57E-3 92 4.18E-3 1.38E-3 138 5.51E-3 -8.48E-4
226
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 7.23E-3 1.73E-3 188 2.34E-3 -1.26E-3 237 -2.83E-3 9.97E-4
140 6.10E-3 -6.43E-4 189 3.00E-3 -1.81E-3 238 -7.09E-3 2.52E-3
141 7.29E-3 -4.66E-3 190 6.56E-3 -4.32E-3 239 -8.26E-3 3.48E-3
142 7.87E-3 -3.98E-3 191 6.82E-3 -1.60E-3 240 -6.89E-3 -1.43 E-3
143 9.90E-3 -7.01 E-3 192 -3.26E-3 2.46E-3 241 1.04E-2 -7.50E-4
144 1.27E-2 -3.58E-3 193 6.45E-3 -8.02E-4 242 7.14E-3 -1.02E-3
145 4.71 E-3 -8.42E-4 194 5.75E-3 -7.67E-4 243 2.63E-3 -1.65 E-3
146 3.87E-3 -6.63E-4 195 3.28E-3 -4.94E-4 244 8.78E-4 -1.06E-3
147 3.88E-3 -9.09E-4 196 2.95E-3 -6.63E-4 245 -2.59E-3 -7.58E-4
148 4.47E-3 -1.45E-3 197 -1.66E-4 -1.80E-3 246 -3.19E-3 -8.96E-4
149 1.52E-3 -2.13E-3 198 -1.49E-3 -7.38E-4 247 -2.66E-3 -1.08E-3
150 1.41 E-4 -8.40E-4 199 -3.34E-3 1.04E-3 248 -4.09E-3 -1.61 E-3
151 9.44E-4 -2.33E-3 200 6.16E-3 -1.18E-4 249 -5.91E-3 -1.86E-4
152 3.02E-3 -1.97E-3 201 5.00E-3 -3.54E-4 250 -4.95E-3 -9.21 E-4
153 3.57E-3 -1.13E-3 202 2.07E-3 -7.82E-4 251 -1.03E-2 1.25E-3
154 7.00E-3 -4.71 E-4 203 4.45E-3 -6.48E-3 252 -7.59E-3 2.50E-3
155 6.24E-3 -8.47E-4 204 4.91 E-3 -8.24E-4 253 -9.15E-4 -2.86E-3
156 6.83E-3 -4.29E-3 205 5.98E-3 -3.32E-3 254 1.00E-3 -1.15E-3
157 9.76E-3 -4.03E-3 206 1.67E-3 -1.58E-3 255 8.34E-3 3.37E-3
158 9.75E-3 -2.43E-3 207 9.67E-3 -3.85E-3 256 2.61E-3 2.78E-3
159 1.29E-2 -5.41E-3 208 1.32E-2 -4.23E-4 257 1.03E-2 -7.54E-4
160 1.34E-2 -3.00E-3 209 7.45E-3 -9.67E-4 258 8.24E-3 -1.18E-3
161 5.87E-3 -6.97E-4 210 5.00E-3 -9.98E-4 259 3.83E-3 -1.03E-3
162 6.04E-3 -4.40E-4 211 2.43E-3 -1.27E-3 260 1.99E-3 -1.12E-3
163 2.24E-3 -5.47E-4 212 3.65E-3 -1.66E-3 261 -7.05E-4 -6.90E-4
164 1.64E-3 -4.85E-4 213 3.38E-3 -6.29E-4 262 -1.88E-3 -2.76E-3
165 -8.31 E-4 -4.90E-4 .214 -2.19E-3 -6.28E-5 263 -1.97E-3 -1.00E-3
166 -3.96E-4 -2.16E-3 215 -3.84E-3 -2.18E-3 264 -3.16E-3 -1.71E-3
167 8.22E-4 -1.55E-3 216 -3.41 E-3 -1.87E-3 265 -4.60E-3 -1.10E-3
168 -4.76E-3 -1.19E-3 217 4.26E-3 -3.99E-4 266 4.85E-3 -2.41 E-3
169 3.40E-3 -7.73E-5 218 2.26E-3 2.68E-3 267 1.52E-3 -5.49E-4
170 7.58E-3 -1.11E-3 219 4.28E-3 -8.78E-5 268 4.67E-3 -2.27E-3
171 4.86E-3 -2.95E-3 220 8.53E-3 -3.54E-3 269 -1.05E-2 1.70E-3
172 9.18E-3 -3.29E-3 221 1.05E-2 -3.79E-3 270 -1.20E-2 -8.74E-4
173 5.57E-3 -4.48E-3 222 5.35E-3 -2.91 E-3 271 -1.25E-2 2.03E-3
174 9.99E-3 -6.52E-3 223 8.70E-4 -1.84E-3 272 -8.40E-3 1.88E-3
175 8.39E-3 -3.85E-3 224 1.14E-3 1.34E-3 273 1.15E-2 -1.08E-3
176 1.43E-2 -2.10E-3 225 8.55E-3 -9.94E-4 274 8.49E-3 -1.32E-3
177 6.68E-3 -6.25E-4 226 6.71E-3 -1.13E-3 275 6.03E-3 -1.54E-3
178 6.77E-3 -9.74E-4 227 6.02E-3 -1.34E-3 276 1.34E-3 -9.24E-4
179 3.25E-3 -8.99E-4 228 4.82E-3 -7.53E-4 277 2.81E-3 -2.05E-3
180 -8.37E-4 -1.69E-3 229 4.12E-3 -1.69E-3 278 3.43 E-3 -1.37E-3
181 -8.55E-5 -1.22E-3 230 -1.91E-3 -1.69E-3 279 -5.72E-3 -2.74E-4
182 1.57E-3 -1.45E-3 231 -1.80E-3 1.21 E-3 280 -6.25E-3 1.10E-3
183 -4.95E-3 -6.21 E-4 232 -5.26E-3 3.17E-4 281 -8.78E-3 1.75E-3
184 -1.16E-3 -1.81E-3 233 -7.51E-3 -2.47E-3 282 -6.33E-3 -9.69E-4
185 2.15E-3 3.53E-4 234 -4.20E-3 -1.29E-3 283 -3.98E-3 -2.67E-4
186 1.51E-3 1.40E-4 235 2.10E-3 -1.39E-3 284 1.44E-3 4.07E-3
187 4.83E-3 2.39E-4 236 3.58E-3 3.83E-4 285 -5.36E-3 2.61 E-4
227
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 -4.13E-3 9.86E-4 319 -2.26E-3 1.06E-3 352 -8.31 E-4 1.12E-3
287 -1.69E-3 2.05E-3 320 7.48E-4 -2.71 E-4 353 1.72E-2 -3.20E-3
288 -1.09E-2 3.07E-3 321 1.30E-2 -1.69E-3 354 1.11E-2 -3.59E-3
289 1.21E-2 -1.06E-3 322 9.01E-3 -2.56E-3 355 3.65E-3 -3.04E-3
290 8.47E-3 -1.13E-3 323 5.11 E-3 -2.02E-3 356 1.28E-3 -3.16E-3
291 3.06E-3 -1.49E-3 324 2.39E-3 -1.37E-3 357 4.43E-4 -1.47E-3
292 -3.19E-4 -2.38E-3 325 -9.89E-4 -6.71 E-4 358 -6.49E-4 -1.63E-3
293 -3.03E-4 -7.49E-4 326 -1.77E-3 -9.56E-4 359 -1.38E-3 -1.81E-3
294 1.94E-3 1.31E-5 327 -2.82E-3 -2.25E-4 360 -1.55E-3 -9.33E-4
295 -1.64E-3 -1.36E-3 328 -3.79E-3 -9.64E-4 361 -6.90E-4 -1.40E-3
296 -5.24E-3 -8.51E-4 329 -2.16E-3 -1.22E-3 362 -2.15E-3 -1.76E-3
297 -5.76E-3 -4.12E-4 330 -4.43E-3 -1.65 E-4 363 -3.05E-4 -1.76E-3
298 -4.51 E-3 4.68E-4 331 -3.10E-3 -1.52E-3 364 -9.04E-4 -3.83E-3
299 -4.84E-3 1.02E-4 332 -5.48E-3 -1.19E-3 365 -1.25E-3 -1.82E-3
300 -5.41E-3 6.14E-4 333 -4.99E-3 -2.42E-3 366 -2.44E-3 -6.98E-4
301 -5.95E-4 7.67E-4 334 -2.49E-3 -1.84E-3 367 3.48E-3 4.24E-4
302 ' 4.97E-3 -2.11 E-3 335 -5.32E-3 1.85E-4 368 -2.05 E-3 2.46E-3
303 -3.29E-3 -1.73E-3 336 -7.12E-3 2.01E-3 369 2.10E-2 -4.47E-3
304 -5.29E-3 1.43E-3 337 1.50E-2 -2.35E-3 370 1.09E-2 -6.32E-3
305 1.35E-2 -1.14E-3 338 9.32E-3 -3.06E-3 371 3.50E-3 -3.27E-3
306 8.02E-3 -1.71E-3 339 4.21 E-3 -2.93E-3 372 9.86E-4 -2.74E-3
307 3.24E-3 -1.29E-3 340 2.30E-3 -1.30E-3 373 -7.06E-4 -1.67E-3
308 2.09E-3 -1.02E-3 341 -6.67E-4 -2.79E-3 374 -3.12E-4 -3.42E-4
309 -2.96E-3 -1.38E-3 342 -1.26E-3 3.64E-5 375 -6.11 E-4 -1.48E-3
310 -2.24E-3 -1.07E-3 343 -1.94E-4 -2.49E-3 376 -6.35E-4 -1.20E-3
311 -3.44E-3 -1.64E-3 344 1.76E-4 -1.27E-3 377 3.28E-4 -5.90E-4
312 -5.48E-3 -2.12E-3 345 -1.20E-3 -8.00E-4 378 -1.36E-3 -1.62E-3
313 -7.24E-3 -2.72E-4 346 -3.54E-3 -2.34E-4 379 7.21 E-4 -1.74E-3
314 -2.08E-3 -3.12E-3 347 -3.51 E-3 -1.12E-3 380 -2.03E-3 -1.71E-3
315 -1.87E-3 -5.90E-4 348 -4.00E-3 -6.48E-4 381 -8.38E-4 -2.98E-3
316 -2.28E-5 -2.89E-3 349 -3.44E-3 -2.70E-3 382 -1.54E-3 -1.13E-3
317 -1.31 E-3 7.71 E-4 350 -5.07E-3 -5.71 E-4 383 6.31E-5 -2.99E-4
318 4.80E-4 -1.12E-3 351 -1.77E-3 2.60E-4 384 -5.29E-3 2.66E-3
228
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF4e
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 5.80E-4 -6.94E-4 47 5.89E-3 2.08E-3 93 6.87E-3 4.59E-3
2 -6.00E-4 -6.35E-4 48 . 1.35E-2 -3.01E-3 94 1.74E-3 5.56E-4
3 1.41E-3 -1.54E-3 49 1.44E-3 -9.11 E-4 95 1.01E-2 -4.77E-3
4 -2.17E-3 -2.73E-3 50 1.34E-3 -2.95E-4 96 2.09E-2 -5.17E-3
5 -1.11E-3 -6.80E-5 51 2.07E-3 -1.88E-3 97 5.18E-3 -6.30E-4
6 3.29E-4 -5.03E-4 52 7.92E-5 2.41E-5 98 3.25E-3 -1.88E-4
7 -6.42E-4 -2.33E-4 53 -1.98E-3 4.08E-4 99 3.65E-3 -9.58E-4
8 1.28E-4 -8.60E-4 54 -2.65E-3 1.92E-5 100 5.37E-3 -1.78E-3
9 -3.74E-3 5.65E-3 55 -1.37E-3 4.69E-4 101 -4.03E-3 -7.74E-4
10 -9.14E-4 1.81 E-3 56 -2.87E-3 -1.38E-4 102 -3.92E-3 -1.13E-3
11 -2.52E-3 2.87E-3 57 -8.76E-3 3.19E-3 103 -6.18E-3 -1.79E-4
12 2.21E-2 -8.37E-3 58 -7.74E-3 5.43 E-3 104 -4.72E-3 -3.47E-4
13 1.89E-2 -4.63E-3 59 1.09E-2 -1.08E-3 105 -3.84E-3 9.26E-4
14 1.76E-2 1.11 E-3 60 1.49E-3 6.25E-3 106 -4.49E-3 1.11 E-3
15 1.48E-2 3.47E-3 61 6.36E-3 4.82E-3 107 -3.72E-3 1.11E-3
16 1.64E-2 -3.40E-3 62 4.36E-3 3.39E-3 108 2.74E-3 2.21E-3
17 1.02E-3 -6.87E-4 63 7.35E-4 -1.61E-3 109 5.58E-3 2.60E-3
18 4.61 E-4 -4.52E-4 64 2.56E-2 -4.25E-3 110 8.09E-3 -1.71 E-3
19 -2.00E-3 -1.29E-4 65 2.16E-3 -5.14E-4 111 9.00E-3 -6.11 E-3
20 -1.27E-3 -1.51E-3 66 4.41E-3 -9.73 E-4 112 1.91E-2 -5.03E-3
21 6.95E-4 -1.37E-3 67 4.53E-4 -1.33E-3 113 5.30E-3 -5.20E-4
22 -2.25E-3 -2.11E-3 68 2.62E-3 -1.15E-3 114 6.07E-3 -3.51E-4
23 -3.92E-3 -8.32E-4 69 2.16E-3 -2.36E-3 115 3.06E-3 -8.01E-4
24 -5.71E-3 8.62E-4 70 -2.93 E-3 -7.50E-4 116 2.08E-3 -7.57E-4
25 -4.18E-3 1.99E-3 71 -2.06E-3 -1.43E-3 117 4.07E-4 -4.84E-4
26 -4.59E-3 2.23E-3 72 -4.47E-3 1.26E-4 118 -2.15E-3 -7.25E-4
27 1.30E-2 -5.58E-3 73 -7.36E-3 1.22E-3 119 -3.99E-3 -2.61 E-3
28 1.44E-2 -5.80E-3 74 -7.61 E-4 3.39E-3 120 -5.00E-3 -6.83E-4
29 2.63E-3 -2.75E-3 75 -2.39E-3 -1.10E-3 121 -2.64E-3 -1.26E-3
30 -2.74E-3 2.64E-3 76 3.19E-3 1.43E-3 122 -5.54E-5 2.23E-3
31 -4.28E-3 2.57E-3 77 2.87E-3 3.14E-4 123 3.71 E-3 5.08E-4
32 1.24E-2 -2.71 E-3 78 2.54E-3 6.52E-3 124 7.75E-3 -3.44E-3
33 2.06E-3 -1.05E-3 79 4.99E-3 -2.57E-3 125 1.07E-3 -2.88E-3
34 6.10E-4 -1.03E-4 80 • 1.88E-2 -5.48E-3 126 2.85E-3 -5.01E-3
35 1.58E-3 -1.27E-3 81 3.15E-3 -6.22E-4 127 4.12E-3 -7.31 E-3
36 -5.06E-4 -7.29E-4 82 4.70E-3 -1.67E-3 128 2.22E-3 2.14E-3
37 -2.44E-3 -5.12E-4 83 -1.10E-3 5.43E-4 129 5.77E-3 -1.14E-3
38 4.73E-3 -7.16E-4 84 -3.52E-4 -2.38E-3 130 4.50E-3 -9.29E-4
39 -6.97E-3 3.28E-4 85 -1.95E-3 -4.61 E-4 131 4.70E-3 -4.53E-4
40 -3.46E-3 8.42E-4 86 -3.28E-3 -2.21 E-3 132 1.68E-3 -1.37E-3
41 -6.84E-3 -9.12E-4 87 -6.38E-3 5.44E-4 133 -2.82E-4 -1.06E-3
42 -1.51E-3 4.61E-3 88 -6.51 E-3 2.28E-3 134 -1.70E-3 -9.33E-4
43 7.94E-3 -3.56E-3 89 -6.64E-3 -1.74E-4 135 -3.34E-3 -7.91 E-4
44 7.68E-3 -8.32E-4 90 -6.66E-3 1.46E-3 136 -2.54E-3 -1.08E-3
45 3.19E-3 1.27E-3 91 -3.52E-3 1.45E-3 137 -4.18E-3 -1.92E-3
46 -1.76E-3 1.39E-3 92 4.58E-3 2.34E-3 138 -3.96E-3 7.27E-4
229
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 -4.58E-3 -1.09E-4 188 6.62E-4 -6.13E-4 237 2.04E-3 -5.61 E-4
140 2.90E-3 -1.12E-3 189 8.23E-3 2.31E-3 238 -3.77E-3 2.58E-3
141 1.04E-2 -2.14E-3 190 8.01E-3 2.05E-3 239 -1.95E-3 1.38E-3
142 •3.26E-3 -2.45E-3 191 7.83E-3 2.64E-3 240 -2.83E-3 2.80E-3
143 5.25E-3 -5.12E-4 192 3.62E-3 2.41E-3 241 9.50E-3 -7.11 E-4
144 8.16E-4 -8.29E-4 193 7.21E-3 -9.78E-4 242 7.20E-3 -1.04E-3
145 6.44E-3 -7.42E-4 194 8.41E-3 -1.47E-3 243 5.79E-3 -1.17E-3
146 3.01E-3 -8.34E-4 195 1.83E-3 -8.07E-4 244 1.62E-3 -1.22E-3
147 4.36E-3 -1.32E-3 196 -9.19E-4 -1.75E-3 245 -1.79E-3 -1.54E-3
148 7.20E-3 -8.35E-4 197 -1.84E-3 -4.80E-4 246 -3.65E-3 1.69E-4
149 -3.03E-4 -1.24E-3 198 -4.04E-3 -1.21E-3 247 -6.36E-3 -1.17E-3
150 -3.79E-3 -1.11 E-4 199 -9.68E-3 -2.97E-4 248 -3.67E-3 -5.11 E-4
151 -7.48E-3 -1.83E-3 200 -7.68E-3 -1.45E-3 249 1.12E-3 -3.84E-4
152 -3.65E-3 -1.22E-3 201 -3.83E-3 -2.16E-3 250 3.61E-3 -2.57E-4
153 -4.36E-3 -4.94E-5 202' -2.74E-4 1.03E-4 251 -4.38E-3 0.00E+0
154 -9.10E-3 -5.81E-3 203 -8.58E-3 -1.16E-3 252 -7.96E-3 -1.44E-3
155 5.86E-3 3.86E-3 204 -1.93E-3 -9.11 E-4 253 -6.53E-3 -1.54E-4
156 4.10E-3 7.54E-4 205 1.39E-3 5.93E-4 254 1.02E-3 -1.64E-3
157 -3.53E-3 1.98E-4 206 1.44E-3 8.06E-4 255 3.60E-3 2.26E-3
158 -2.22E-3 -1.84E-3 207 5.32E-3 2.15E-3 256 -1.36E-2 2.80E-3
159 4.61E-3 1.58E-3 208 4.52E-3 3.79E-3 257 8.49E-3 -1.15E-3
160 3.10E-3 1.02E-3 209 9.19E-3 -7.40E-4 258 8.27E-3 -1.45E-3
161 8.50E-3 -7.50E-4 210 6.50E-3 -1.03E-3 259 4.16E-3 -1.05E-3
162 4.14E-3 -7.98E-4 211 4.56E-3 -9.88E-4 260 2.30E-3 -1.10E-3
163 3.64E-3 -1.05E-3 212 -9.70E-5 -8.53E-4 261 4.89E-4 -8.06E-4
164 1.52E-3 -1.44E-3 213 -4.40E-3 -1.95E-4 262 2.86E-3 -1.15E-3
165 3.14E-4 -7.19E-4 214 -5.46E-3 -2.52E-3 263 - 2.03E-3 2.73E-4
166 -3.28E-3 -5.75E-4 215 -8.39E-3 1.28E-3 264 -5.31E-3 -3.18E-4
167 -4.66E-3 -5.44E-4 216 -7.10E-3 -7.15E-4 265 -6.52E-3 -1.24E-3
168 -5.13E-3 -6.07E-4 217 -8.18E-3 -4.24E-3 266 -7.49E-3 -2.15E-3
169 -6.61E-3 2.05E-4 218 -2.39E-3 -2.90E-3 267 -1.27E-2 1.10E-3
170 -8.16E-3 -5.03E-4 219 7.52E-3 3.24E-3 268 -5.67E-3 -7.94E-6
171 -1.89E-3 -1.01E-4 220 7.75E-3 1.34E-3 269 -8.14E-3 3.57E-4
172 5.05E-3 1.19E-3 221 4.91E-3 3.36E-3 270 -7.84E-3 -4.99E-4
173 3.64E-3 1.40E-3 222 7.73E-3 3.37E-3 271 -6.27E-3 1.29E-3
174 4.54E-3 3.44E-4 223 4.37E-3 4.11 E-4 272 -7.23E-3 1.75E-4
175 5.66E-3 2.64E-3 224 1.42E-3 3.12E-3 273 9.56E-3 -8.84E-4
176 3.02E-4 2.43E-3 225 9.95E-3 -3.31 E-4 274 7.25E-3 -1.85E-3
177 ■ 6.46E-3 -2.93E-4 226 3.87E-3 -1.08E-3 275 3.80E-3 -1.30E-3
178 5.60E-3 -2.14E-3 227 5.84E-3 -5.08E-4 276 2.81 E-3 -1.33E-3
179 3.57E-3 -1.62E-3 228 -1.31E-3 -1.08E-4 277 -2.80E-4 -7.91 E-4
180 -1.04E-3 -6.29E-4 229 -8.50E-5 -9.63E-4 278 -2.45E-3 -7.84E-5
181 -3.26E-3 -2.49E-3 230 3.65E-4 -4.30E-5 279 2.43E-3 -2.29E-3
182 -6.09E-3 2.43E-4 231 -2.09E-3 -5.62E-4 280 -3.08E-3 -1.38E-3
183 -8.23E-3 -7.46E-4 232 -5.71 E-3 -1.25E-3 281 -3.87E-3 -1.36E-3
184 -8.65E-3 -3.30E-5 233 -6.98E-3 -1.70E-3 282 -1.01E-2 -8.96E-4
185 -1.33E-2 -7.59E-4 234 -4.91 E-3 -7.02E-4 283 -1.02E-2 9.62E-4
186 -6.24E-3 -9.77E-4 235 -4.21 E-3 2.94E-4 284 -9.42E-3 1.02E-3
187 -2.61 E-3 1.96E-5 236 9.68E-4 -7.44E-4 285 -9.13E-3 1.70E-3
230
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 -9.78E-3 8.59E-4 319 3.17E-4 5.32E-4 352 -4.09E-3 3.27E-3
287 . -2.79E-3 2.24E-3 320 -2.85E-4 8.66E-4 353 2.08E-2 -2.22E-3
288 -1.21E-2 -1.92E-4 321 1.61E-2 -1.54E-3 354 1.24E-2 -3.32E-3
289 1.26E-2 -1.07E-3 322 1.31E-2 -1.86E-3 355 3.64E-3 -2.75E-3
290 8.79E-3 -2.29E-3 323 3.32E-3 -1.12E-3 356 -1.46E-4 -1.32E-3
291 4.74E-3 -4.00E-4 324 -1.12E-3 -1.98E-3 357 -9.29E-4 -2.35E-3
292 -1.87E-3 -1.83E-3 325 -1.56E-3 -2.53E-3 358 -1.80E-3 -1.89E-3
293 5.39E-4 -1.69E-3 326 -3.21E-3 5.04E-4 359 -9.52E-5 -6.81E-4
294 -3.82E-3 -2.13E-3 327 -3.16E-3 -1.44E-3 360 -1.06E-3 -8.71E-4
295 -2.48E-3 -1.09E-3 328 -3.15E-3 -1.23E-3 361 -9.57E-4 -1.72E-3
296 -3.91E-3 -1.52E-3 329 -3.84E-3 -9.61E-4 362 -1.80E-3 -5.48E-4
297 -4.54E-3 -7.30E-4 330 -4.86E-3 -1.30E-3 363 -2.05E-3 -1.51E-3
298 -4.27E-3 1.00E-3 331 -5.39E-3 -1.06E-3 364 -7.33E-4 -1.46E-3
299 -6.17E-3 -1.99E-3 332 -4.08E-3 -9.87E-4 365 -2.81E-3 -1..64E-3
300 -6.77E-3 -8.52E-4 333 -4.73E-3 -1.97E-3 366 -5.57E-4 -3.73E-4
301 -8.93E-4 -2.76E-3 334 -4.24E-3 -1.18E-3 367 -7.79E-4 9.84E-5
302 -8.36E-3 -2.88E-5 335 -2.3 IE-3 1.00E-3 368 -1.00E-3 5.70E-4
303 -9.03E-4 4.97E-4 336 -3.33E-3 1.81E-4 369 2.33E-2 -3.48E-3
304 -5.05E-3 1.24E-3 337 1.59E-2 -2.12E-3 370 1.10E-2 -6.53E-3
305 1.34E-2 -1.52E-3 338 9.75E-3 -3.51E-3 371 2.76E-3 -2.76E-3
306 9.62E-3 -1.61E-3 339 2.66E-3 -2.83E-3 372 4.96E-4 -1.54E-3
307 3.08E-3 -1.24E-3 340 -1.23E-5 5.72E-4 373 3.22E-4 -3.02E-3
308 2.08E-3 -1.17E-3 341 -8.57E-4 -1.82E-3 374 -5.83E-4 -1.35E-3
309 -2.51E-3 -1.01E-3 342 -1.97E-3 -1.88E-3 375 -7.70E-4 -8.27E-4
310 3.08E-4 -2.37E-3 343 -2.75E-3 -5.91E-4 376 -4.42E-4 -3.35E-3
311 -4.49E-3 7.08E-4 344 -2.37E-3 -1.29E-3 377 -4.81E-4 -1.96E-3
312 -3.94E-3 -2.52E-3 345 -1.17E-3 -2.08E-3 378 -4.35E-4 -9.91E-4
313 -3.16E-3 -2.26E-3 346 -2.71E-3 -1.56E-3 379 -3.05E-4 -1.91E-3
314 -7.00E-3 -6.71E-4 347 -4.25E-3 -1.03E-3 380 -6.04E-4 -2.36E-3
315 -6.04E-3 -3.17E-4 348 -3.77E-3 -1.43E-3 381 -2.94E-4 -1.50E-3
316 -7.86E-3 -1.05E-3 349 -2.25E-3 -2.07E-3 382 -1.31E-5 -8.38E-4
317 -5.09E-3 1.10E-3 350 -2.18E-3 -2.10E-3 383 1.09E-3 3.43E-3
318 -2.32E-3 3.24E-3 351 -7.63E-4 -2.33E-3 384 1.31E-3 4.56E-3
231
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF5a
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 -1.90E-3 -1.74E-4 47 1.10E-2 3.06E-3 93 8.24E-3 4.00E-3
2 -2.66E-4 -3.15E-4 48 3.40E-2 2.42E-3 .94 1.34E-2 2.48E-3
3 -4.43E-3 2.03E-3 49 1.17E-3 2.57E-3 95 2.05E-2 4.37E-4
4 -3.58E-3 1.62E-3 50 -2.91E-3 6.80E-3 96 3.02E-2 -3.47E-4
5 -3.33E-3 4;64E-3 51 2.75E-4 6.22E-3 97 -■1.06E-2 1.38E-3
6 -6.66E-4 5.03E-3 52 -6.26E-3 7.90E-3 98 -1.15E-2 3.27E-3
7 -5.14E-4 7.02E-3 53 -5.15E-3 7.51E-3 99 -1.10E-2 3.08E-3
8 2.09E-4 8.12E-3 54 -3.08E-3 5.38E-3 100 -7.89E-3 6.35E-3
9 -2.34E-3 9.06E-3 55 -1.99E-3 7.55E-3 101 -4.25E-3 7.10E-3
10 3.36E-4 6.21E-3 56 3.21E-3 6.26E-3 102 -6.64E-3 9.33E-3
11 8.89E-4 5.62E-3 57 -6.10E-4 , 1.02E-2 103 -8.57E-4 7.05E-3
12 2.38E-4 4.09E-3 58 4.26E-3 8.65E-3 104 -1.23E-3 7.13E-3
13 1.40E-3 5.13E-3 59 2.01E-3 5.80E-3 105 2.88E-3 4.68E-3
14 -9.18E-4 4.73E-3 60 2.64E-3 8.53E-3 106 5.28E-3 5.06E-3
15 6.89E-3 4.40E-3 61 6.18E-3 4.08E-3 107 4.43E-3 6.06E-3
16 3.31E-2 8.81E-3 62 8.22E-3 2.52E-3 108 7.67E-3 3.14E-4
17 -9.79E-4 1.12E-3 63 1.52E-2 1.54E-4 109 1.11E-2 7.47E-4
18 -1.43E-3 2.09E-3 64 2.54E-2 3.58E-3 110 1.09E-2 2.69E-3
19 -5.20E-3 5.04E-3 65 -1.08E-2 1.88E-3 111 2.14E-2 3.52E-4
20 -4.39E-3 4.75E-3 66 -4.80E-3 2.70E-3 112 3.03E-2 6.11E-4
21 -8.82E-4 5.10E-3 67 -7.02E-3 7.38E-3 113 -1.27E-2 4.34E-3
22 -1.58E-3 8.79E-3 68 -4.03E-3 7.10E-3 114 -1.02E-2 4.38E-3
23 -1.69E-3 5.03E-3 69 -3.23E-3 9.06E-3 115 -9.43E-3 5.37E-3
24 3.38E-3 4.64E-3 70 -2.23E-3 4.85E-3 116 -9.66E-3 3.00E-3
25 -2.01E-3 8.82E-3 71 -5.96E-3 1.01E-2 117 -9.55E-3 4.77E-3
26 -1.09E-3 5.46E-3 72 -4.75E-4 6.61E-3 118 -5.65E-3 4.58E-3
27 2.50E-3 4.15E-3 73 2.84E-3 8.98E-3 119 -1.27E-3 2.13E-3
28 4.46E-3 6.09E-3 74 4.33E-3 5.84E-3 120 -2.10E-3 4.86E-3
29 3.01E-3 3.29E-3 75 4.12E-3 4.27E-3 121 -3.52E-4 5.46E-3
30 9.38E-4 5.36E-3 76 4.33E-3 2.23E-3 122 6.09E-3 5.36E-3
31 7.33E-3 3.63E-3 77 8.52E-3 3.41E-3 123 7.71E-3 4.02E-3
32 3.10E-2 3.79E-3 78 1.23E-2 2.70E-3 124 5.52E-3 4.27E-3
33 -1.23E-3 1.62E-3 79 1.71E-2 -1.33E-3 125 1.33E-2 1.88E-3
34 -8.02E-3 3.38E-3 80 2.81E-2 1.98E-3 126 1.35E-2 1.73E-3
35 -1.52E-3 3.80E-3 81 -8.27E-3 3.81E-3 127 2.31E-2 1.16E-3
36 -2.30E-4 1.78E-3 82 -1.01E-2 6.88E-3 128 2.87E-2 -2.37E-4
37 1.61E-3 3.87E-3 83 -3.05E-3 7.21E-3 129 -1.06E-2 2.66E-3
38 -5.11E-3 8.73E-3 84 -6.82E-3 8.25E-3 130 -1.11E-2 2.71E-3
39 6.46E-4 6.80E-3 85 -3.78E-3 5.19E-3 131 -9.19E-3 2.04E-3
40 1.97E-4 8.72E-3 86 -4.71E-3 5.60E-3 132 -5.30E-3 4.22E-3
41 -9.73E-4 9.21E-3 87 2.16E-3 6.59E-3 133 -5.13E-3 1.75E-3
42 -2.61E-4 9.27E-3 88 1.09E-3 4.75E-3 134 -7.00E-3 5.03E-3
43 1.76E-3 4.01E-3 89 4.90E-3 7.53E-3 135 -2.03E-3 3.04E-3
44 1.69E-3 5.53E-3 90 6.12E-3 5.62E-3 136 3.94E-3 2.08E-3
45 4.00E-3 3.80E-3 91 3.50E-3 9.84E-3 137 5.58E-4 5.62E-3
46 5.72E-3 3.47E-3 92 5.87E-3 5.81E-3 138 4.74E-3 3.59E-3
232
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 3.45E-3 5.93E-3 188 6.84E-3 3.90E-3 237 1.18E-2 -1.50E-3
140 1.22E-2 3.28E-4 189 1.21E-2 -8.57E-4 238 1.94E-2 -1.24E-3
141 1.31E-2 3.65E-3 190 1.99E-2 -2.34E-3 239 1.91E-2 -8.28E-4
142 1.80E-2 1.02E-3 191 2.30E-2 -1.42E-3 240 2.78E-2 -1.65E-3
143 2.42E-2 4.88E-4 192 2.91E-2 5.25E-5 241 -1.28E-2 1.50E-3
144. 3.21E-2 6.93E-4 193 -1.33E-2 -1.54E-3 242 -1.05E-2 7.33E-5
145 -1.32E-2 -3.45E-4 194 -9.66E-3 -3.34E-3 243 -8.16E-3 -3.28E-3
146 -1.39E-2 2.35E-3 195 -8.92E-3 -2.27E-3 244 -7.26E-3 -1.86E-3
147 -9.04E-3 1.63E-3 196 -6.18E-3 -2.59E-3 245 -2.03E-3 -2.56E-3
148 -9.63E-3 4.16E-3 197 -3.81E-3 1.06E-3 246 -8.98E-4 -5.31E-3
149 -7.73E-3 3.45E-3 198 -3.57E-3 -5.03E-5 247 -3.88E-4 -3.89E-3
150 -1.78E-3 2.40E-3 199 -5.45E-4 -1.37E-3 248 3.19E-3 -7.91E-3
151 -2.79E-3 1.75E-3 200 -3.84E-3 -5.89E-5 249 1.13E-2 -9.89E-3
152 8.25E-4 -1.38E-4 201 1.48E-3 -1.02E-3 250 5.33E-3 -5.00E-3
153 5.72E-3 1.80E-3 202 5.25E-3 -3.49E-3 251 6.09E-3 -4.41E-3
154 7.17E-3 -2.27E-4 203 9.48E-3 -3.82E-3 252 1.36E-2 -4.70E-3
155 7.31E-3 4.69E-3 204 1.28E-2 -2.72E-3 253 1.04E-2 -3.47E-3
156 6.43E-3 3.03E-3 205 1.37E-2 -5.86E-4 254 1.62E-2 -4.53E-4
157 1.18E-2 7.27E-4 206 1.56E-2 -1.74E-3 255 1.36E-2 5.92E-4
158 1.80E-2 -2.14E-4 207 1.86E-2 -2.90E-3 256 2.51E-2 -3.32E-3
159 2.56E-2 6.91E-4 208 2.89E-2 -4.83E-5 257 -1.34E-2 -2.58E-3
160 2.71E-2 2.47E-4 209 -1.43E-2 -3.21E-3 258 -1.31E-2 -4.59E-3
161 -1.12E-2 -4.63E-4 210 -8.79E-3 -1.31E-3 259 -6.48E-3 -7.10E-3
162 -1.24E-2 6.15E-4 211 -1.14E-2 -6.95E-4 260 -6.67E-3 -6.93E-3
163 -1.03E-2 2.83E-4 212 -6.43E-3 -4.08E-3 261 -3.67E-3 -6.31E-3
164 -7.27E-3 2.87E-4 213 -4.82E-3 -1.84E-3 262 1.20E-3 -8.06E-3
165 -5.91E-3 6.57E-4 214 7.56E-4 -2.29E-3 263 2.69E-3 -8.27E-3
166 -3.37E-3 2.34E-3 215 2.95E-5 -5.06E-3 264 2.23E-3 -7.26E-3
167 -1.04E-3 1.13E-3 216 2.30E-3 -3.98E-3 265 3.22E-3 -5.08E-3
168 -3.48E-4 1.27E-3 217 7.64E-3 -4.74E-3 266 8.04E-3 -6.07E-3
169 4.69E-3 3.23E-3 218 6.49E-3 -3.88E-3 267 5.68E-3 -7.20E-3
170 8.74E-3 4.58E-5 219 6.45E-3 5.00E-4 268 6.04E-3 -3.31E-3
171 1.13E-2 1.82E-3 220 1.32E-2 -3.56E-3 269 1.24E-2 -4.38E-3
172 1.24E-2 4.19E-3 221 1.45E-2 -2.47E-3 270 1.67E-2 -4.92E-3
173 2.08E-2 -8.58E-4 222 1.03E-2 -2.55E-3 271 1.79E-2 -4.25E-3
174 1.85E-2 -4.41E-4 223 2.37E-2 -2.09E-3 272 1.82E-2 -2.70E-3
175 2.33E-2 1.16E-3 224 2.72E-2 -1.14E-3 273 -9.64E-3 1.30E-3
176 2.71E-2 -2.63E-3 225 -1.06E-2 5.52E-3 274 -8.18E-3 -4.09E-3
177 -1.33E-2 1.14E-3 226 -7.93E-3 -2.86E-3 275 -3.67E-3 -6.25E-3
178 -1.12E-2 1.64E-3 227 -8.98E-3 -1.04E-4 276 -3.98E-3 -7.37E-3
179 -8.25E-3 -3.10E-3 228 -5.10E-3 -1.89E-3 277 -2.65E-3 -9.15E-3
180 -8.62E-3 2.36E-4 229 -6.05E-3 -4.71E-3 278 4.16E-4 -1.05E-2
181 -7.00E-3 -1.53E-3 230 -2.41E-3 -5.95E-3 279 2.16E-3 -8.88E-3
182 -3.28E-3 1.98E-4 231 -6.08E-4 -2.97E-3 280 6.95E-3 -1.09E-2
183 9.03E-4 1.13E-4 232 4.25E-3 -9.71E-3 281 9.91E-3 -1.26E-2
184 1.42E-3 -1.20E-5 233 7.01E-3 -3.48E-3 282 6.70E-3 -7.21E-3
185 2.16E-3 -8.07E-4 234 4.41E-3 -2.80E-3 283 1.09E-2 -6.19E-3
186 6.73E-3 -2.15E-3 235 8.28E-3 -2.95E-3 284 1.77E-2 -6.29E-3
187 9.23E-3 5.11E-4 236 9.44E-3 -2.66E-3 285 1.39E-2 -6.05E-3
233
Degree o f  Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 1.31E-2 -6.51E-3 319 4.08E-3 -5.97E-3 352 3.84E-4 -1.11E-3
287 1.90E-2 -4.22E-3 320 4.15E-3 -2.00E-3 353 7.57E-3 -1.08E-2
288 1.91E-2 -2.74E-3 321 -2.97E-3 -4.81E-3 354 7.33E-3 -1.36E-2
289 -9.73E-3 -2.80E-3 322 -1.16E-3 -8.79E-3 355 6.79E-3 -1.43E-2
290 -8.67E-3 -7.88E-3 323 1.30E-3 -1.08E-2 356 2.48E-3 -1.54E-2
291 -2.63E-3 -5.87E-3 324 -1.16E-3 -1.46E-2 357 1.33E-3 -1.68E-2
292 -4.21E-3 -1.13E-2 325 3.03E-3 -1.26E-2 358 1.19E-3 -1.81E-2
293 2.49E-3 -8.82E-3 326 3.94E-3 -1.12E-2 359 -L17E-3 -1.87E-2
294 -2.47E-4 -9.20E-3 327 4.34E-3 -1.30E-2 360 2.38E-3 -1.85E-2
295 5.83E-5 -1.17E-2 328 3.66E-3 -1.07E-2 361 6.06E-3 -1.77E-2
296 8.24E-3 -1.35E-2 329 2.31E-4 -1.66E-2 362 7.20E-3 -1.55E-2
297 3.19E-3 -9.13E-3 330 5.32E-3 -1.36E-2 363 5.97E-3 -1.29E-2
298 7.58E-3 -7.50E-3 331 8.79E-3 -1.42E-2 364 3.12E-3 -9.64E-3
299 7.37E-3 -9.53E-3 332 1.19E-2 -1.14E-2 365 5.96E-3 -3.51E-3
300 7.03E-3 -8.17E-3 333 1.00E-2 -1.16E-2 366 5.98E-3 -5.48E-3
301 1.11E-2 -7.41E-3 334 1.41E-2 -1.1 IE-2 367 1.09E-2 -4.91E-3
302 1.49E-2 -7.30E-3 335. 6.96E-3 -5.51E-3 368 2.82E-3 3.98E-4
303 1.70E-2 -7.82E-3 336 4.90E-3 9.56E-4 369 1.43E-2 -1.52E-2
304 1.99E-2 -8.03E-4 337 -2.18E-4 -7.28E-3 370 8.14E-3 -1.85E-2
305 -5.91E-3 -1.82E-3 338 2.20E-3 -9.59E-3 371 5.73E-3 -1.99E-2
306 -2.88E-3 -7.84E-3 339 1.71E-3 -1.49E-2 372 2.77E-3 -2.07E-2
307 -3.09E-3 -8.63E-3 340 4.69E-3 -1.29E-2 373 3.82E-3 -1.58E-2
308 -4.01E-3 -8.84E-3 341 1.93E-3 -1.32E-2 374 6.50E-4 -1.98E-2
309 -4.49E-5 -1.10E-2 342 5.02E-4 -1.61E-2 375 1.50E-3 -1.62E-2
310 -4.93E-4 -1.24E-2 343 5.21E-3 -1.59E-2 376 2.53E-3 -1.75E-2
311 2.82E-3 -1.24E-2 344 3.47E-3 -1.40E-2 377 5.89E-4 -1.49E-2
312 5.78E-3 -1.31E-2 345 8.47E-3 -1.65E-2 378 -3.66E-4 -1.20E-2
313 4.30E-3 -1.21E-2 346 6.88E-3 -1.40E-2 379 2.87E-3 -1.15E-2
314 8.36E-3 -1.39E-2 347 9.93E-3 -1.48E-2 380 5.52E-3 -9.11E-3
315 9.80E-3 -9.75E-3 348 7.30E-3 -1.37E-2 381 6.47E-3 -6.80E-3
316 9.98E-3 -1.32E-2 349 1.12E-2 -9.55E-3 382 2.33E-3 -2.70E-3
317 9.07E-3 -9.87E-3 350 1.58E-3 -4.69E-3 383 3.24E-3 -4.90E-4
318 1.39E-2 -8.34E-3 351 8.98E-3 -3.80E-3 384 -7.15E-4 6.85E-4
234
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF5c
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 8.03E-4 -9.72E-4 47 3.18E-3 2.41E-3 93 -4.56E-3 3.24E-4
2 6.95E-4. -1.70E-3 48 5.09E-2 4.06E-4 94 -4.04E-3 -4.73E-3
3 2.59E-3 -2.28E-3 49 2.90E-3 -9.72E-4 95 1.92E-2 -2.50E-3
4 1.35E-3 1.51E-4 50 1.07E-3 -1.62E-3 96 4.96E-2 -4.45E-3
5 2.02E-3 -3.67E-3 51 4.80E-3 4.36E-5 97 3.13E-3 -7.86E-4
6 3.85E-3 -7.65E-3 52 3.79E-3 -1.63E-3 98 2.91E-3 -7.09E-4
7 -4.10E-4 -1.18E-3 53 4.53E-3 -6.87E-4 99 3.74E-3 4.40E-4
8 3.51E-3 -2.42E-3 54 6.51E-3 1.23E-3 100 1.28E-3 3.83E-4
9 3.62E-3 -5.65E-3 55 4.47E-4 4.52E-3 101 4.54E-3 -1.46E-4
10 3.96E-3 -1.10E-2 56 6.41E-3 5.36E-3 102 7.04E-3 4.05E-4
11 3.89E-3 1.15E-4 57 7.28E-3 2.97E-3 103 5.82E-3 2.23E-3
12 2.85E-3 -3.40E-3 58 -6.91E-4 8.50E-3 104 3.25E-3 1.68E-4
13 -1.96E-3 1.06E-3 59 -6.10E-3 9.72E-5 105 3.67E-3 3.36E-3
14 2.06E-3 3.04E-3 60 3.13E-3 4.47E-3 106 -2.96E-3 -1.79E-3
15 -4.88E-3 9.94E-3 61 1.42E-3 -1.97E-3 107 3.30E-3 -2.25E-4
16 5.75E-2 -2.41E-3 62 -3.70E-3 -1.87E-3 108 -5.05E-3 6.15E-3
17 3.81E-4 2.16E-4 63 1.41E-2 -2.31E-3 109 -4.11E-3 8.45E-4
18 8.50E-4 -9.53E-4 64 5.13E-2 -5.34E-3 110 4.63E-3 -2.77E-3
19 3.31E-3 5.18E-4 65 3.32E-3 -1.47E-3 111 2.60E-2 -4.38E-3
20 8.26E-4 -1.07E-3 66 9.41E-4 5.09E-4 112 4.53E-2 -2.13E-3
21 4.32E-3 -3.77E-3 67 1.18E-3 -1.70E-3 113 4.01E-3 -5.15E-4
22 4.38E-3 -5.98E-5 68 4.20E-3 1.43E-3 114 3.63E-3 -1.02E-3
23 3.12E-3 -1.59E-3 69 6.42E-3 2.37E-3 115 4.42E-3 -7.72E-4
24 5.76E-3 -5.29E-3 70 -1.54E-3 2.59E-3 116 5.35E-3 -1.28E-3
25 3.91E-3 -3.62E-3 71 1.04E-3 -2.52E-3 117 5.60E-3 3.60E-4
26 5.13E-3 -3.13E-3 72 1.88E-3 1.33E-3 118 7.32E-3 -1.63E-3
27 2.68E-3 -2.97E-3 73 5.26E-3 2.41E-3 119 4.18E-3 -3.42E-3
28 2.93E-3 -6.17E-4 74 7.56E-3 -4.31E-4 120 3.97E-3 -5.46E-4
29 -7.86E-3 -2.44E-3 75 3.66E-3 -7.72E-4 121 4.70E-3 1.01E-4
30 -6.61E-3 -2.11E-3 76 -9.09E-3 -2.48E-3 122 5.33E-3 1.00E-3
31 8.13E-3 2.26E-3 77 -1.78E-2 2.48E-3 123 -1.17E-3 4.26E-4
32 5.06E-2 -6.58E-4 78 1.39E-3 9.56E-4 124 2.32E-3 3.11E-4
33 1.97E-3 -6.69E-4 79 2.54E-2 -5.08E-3 125 -6.12E-3 -4.98E-3
34 -1.62E-3 -2.13E-3 80 5.30E-2 -2.02E-3 126 1.00E-2 -1.60E-3
35 2.53E-3 1.24E-3 81 3.13E-3 -2.85E-4 127 1.97E-2 -5.45E-3
36 4.09E-3 4.16E-4 82 4.66E-3 4.44E-4 128 4.49E-2 -2.09E-3
37 5.27E-3 1.29E-3 83 2.19E-3 9.15E-4 129 5.71E-3 -9.46E-4
38 3.82E-3 2.85E-3 84 4.49E-3 1.71E-3 130 4.51E-3 -2.42E-4
39 4.80E-3 1.06E-3 85 4.51E-3 1.19E-3 131 3.56E-3 -5.24E-4
40 6.53E-3 3.73E-3 86 5.15E-3 3.80E-3 132 3.61E-3 5.26E-4
41 6.38E-3 -2.49E-3 87 3.97E-3 1.69E-3 133 2.60E-3 -2.13E-4
42 4.64E-3 8.37E-4 88 4.42E-4 3.14E-3 134 6.13E-3 -1.45E-3
43 3.83E-3 3.07E-4 89 1.89E-3 2.03E-3 135 6.60E-3 2.78E-3
44 -5.11E-3 -2.60E-3 90 3.54E-3 -2.56E-3 136 7.40E-3 -7.92E-6
45 -6.61E-4 5.15E-3 91 4.56E-3 3.33E-3 137 3.47E-3 2.76E-3
46 4.49E-3 1.45E-3 92 -2.02E-4 1.52E-3 138 3.56E-3 5.04E-3
235
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
139 -9.62E-5 2.17E-3 188 1.41E-2 -2.08E-4 237 -1.43E-4 -5.28E-3
140 1.17E-2 -1.85E-3 189 -2.03E-3 1.71E-3 238 5.40E-3 -5.12E-3
141 2.20E-3 2.60E-3 190 1.50E-2 -6.59E-3 239 1.73E-2 -1.22E-2
142 8.93E-3 -7.24E-4 191 2.54E-2 -4.66E-3 240 2.36E-2 -2.39E-3
143 1.66E-2 1.98E-4 192 3.62E-2 -2.99E-3 241 7.60E-3 -7.20E-4
144 4.01E-2 -2.40E-3 193 5.10E-3 -3.51E-4 242 7.55E-3 -5.63E-4
145 4.16E-3 -2.83E-4 194 4.58E-3 -1.10E-3 243 4.82E-3 6.40E-4
146 2.96E-3 -6.71E-4 195 4.71E-3 -2.89E-3 244 3.26E-3 -5.94E-3
147 4.21E-3 -1.32E-3 196 3.67E-3 -2.22E-3 245 4.84E-3 -4.13E-3
148 5.84E-3 -1.87E-3 197 4.51E-4 -1.23E-3 246 5.43E-3" -6.72E-3
149 4.96E-3 -2.31E-3 198 -4.16E-3 8.94E-4 247 6.38E-3 -1.24E-2
150 6.60E-3 1.37E-3 199 1.59E-3 1.87E-3 248 1.03E-3 -6.54E-3
151 3.23E-3 -3.85E-3 200 -6.84E-3 1.32E-3 249 -4.08E-4 -1.07E-2
152 6.81E-4 5.72E-4' 201 -1.55E-3 2.35E-3 250 6.97E-3 -1.15E-2
153 -8.55E-3 4.24E-3 202 -6.83E-3 4.57E-3 251 6.85E-3 -1.02E-2
154 7.18E-3 1.32E-3 203 4.48E-3 -4.01E-3 252 -7.03E-5 -2.83E-3
155 3.41E-3 9.67E-3 204 3.29E-3 -4.62E-3 253 1.66E-2 -9.68E-3
156 6.11E-3 8.51E-5 205 7.48E-3 -4.33E-3 254 7.26E-3 -8.61E-3
157 9.80E-3 -5.41E-3 206 6.96E-3 -4.01E-3 255 8.71E-3 -6.55E-3
158 1.08E-2 -3.12E-3 207 2.27E-2 -5.27E-3 256 1.82E-3 1.25E-3
159 2.01E-2 -1.66E-3 208 2.70E-2 -4.61E-3 257 1.05E-2 -7.58E-4
160 4.26E-2 -1.91E-3 209 5.66E-3 -1.03E-3 258 9.00E-3 -2.06E-3
161 4.88E-3 -9.84E-5 210 4.45E-3 -1.81E-3 259 7.30E-3 1.08E-3
162 2.5 IE-3 -6.06E-4 211 3.30E-3 -3.24E-4 260 6.95E-3 2.45E-3
163 5.36E-3 4.02E-5 212 4.55E-3 -1.31E-3 261 8.03E-4 5.38E-4
164 6.90E-3 2.21E-4 213 2.10E-3 3.49E-3 262 4.23E-3 -2.05E-3
165 6.86E-3 -3.06E-3 214 -2.23E-3 -4.44E-3 263 3.32E-3 -9.44E-3
166 4.69E-3 -5.26E-3 215 3.35E-4 -4.12E-3 264 9.04E-3 -9.29E-3
167 -4.26E-3 1.11E-3 216 3.19E-3 -2.25E-3 265 5.34E-3 -1.35E-2
168 2.99E-3 2.54E-3 217 -4.68E-3 -7.33E-3 266 2.37E-3 -3.59E-3
169 2.90E-3 2.09E-3 218 -1.09E-3 -2.11E-3 267 -3.02E-3 -1.01E-2
170 6.53E-3 -2.64E-3 219 3.26E-4 -5.80E-3 268 8.63E-3 -6.99E-3
171 -3.20E-3 7.10E-3 220 9.75E-4 -8.59E-3 269 -1.71E-3 -5.81E-3
172 1.01E-2 1.17E-3 221 -3.36E-3 3.77E-3 270 9.11E-3 -2.44E-3
173 3.52E-3 1.52E-3 222 6.98E-3 -2.92E-3 271 6.31E-3 2.75E-4
174 1.52E-2 5.39E-4 223 7.20E-3 -8.59E-3 272 6.72E-3 6.13E-4
175 1.81E-2 -4.79E-3 224 2.06E-2 1.16E-3 273 1.05E-2 -1.42E-3
176 3.41E-2 -7.68E-4 225 7.91E-3 -1.02E-3 274 8.97E-3 -1.52E-3
177 4.37E-3 -8.42E-4 226 5.73E-3 -7.50E-4 275 3.78E-3 -1.72E-3
178 4.22E-3 -6.91E-4 227 5.36E-3 -2.93E-3 276 9.82E-3 -8.44E-4
179 6.88E-3 -1.91E-3 228 3.87E-3 -3.99E-3 277 2.55E-3 -9.62E-4
180 2.98E-3 -2.07E-3 229 3.24E-3 -2.25E-3 278 1.00E-2 -1.09E-2
181 6.96E-3 -2.40E-3 230 3.92E-3 -2.64E-3 279 5.13E-3 -8.60E-3
182 4.06E-3 -1.70E-3 231 4.53E-3 -6.55E-3 280 1.01E-2 -1.31E-2
183 5.52E-4 -1.65E-3 232 6.55E-3 -1.14E-2 281 4.07E-3 -1.10E-2
184 4.64E-3 -4.12E-3 233 -7.85E-3 -4.06E-3 282 7.05E-3 -5.20E-3
185 1.08E-3 8.14E-3 234 3.41E-3 -1.53E-2 283 1.05E-2 -6.17E-3
186 -1.67E-3 9.94E-3 235 3.62E-3 -6.24E-3 284 5.37E-3 -6.60E-3
187 1.24E-3 8.79E-4 236 4.72E-3 -2.65E-3 285 4.84E-3 -8.10E-3
236
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
286 1.48E-2 -6.65E-3 319 9.50E-3 1.04E-3 352 6.44E-3 -1.77E-3
287 -3.29E-4 -2.36E-3 320 -3.18E-4 2.10E-4 353 1.63E-2 -3.57E-3
288 1.21E-2 -1.08E-3 321 1.28E-2 -1.66E-3 354 1.00E-2 -5.65E-3
289 9.23E-3 -3.53E-4 .322 1.13E-2 -1.54E-3 355 8.16E-3 -5.22E-3
290 7.41E-3 -3.27E-3 323 1.11E-2 -5.12E-3 356 5.87E-3 -4.23E-3
291 2.24E-3 -1.46E-3 324 1.12E-2 -2.83E-3 357 9.54E-4 2.76E-3
292 4.92E-3 -2.11E-3 325 6.16E-3 -2.59E-3 358 1.09E-2 -9.32E-3
293 -1.76E-3 7.12E-4 326 7.97E-3 -4.80E-3 359 1.04E-2 -6.80E-3
294 2.36E-3 -2.91E-3 327 6.03E-3 -6.89E-3 360 6.10E-3 -4.95E-3
295 5.00E-3 -6.08E-3 328 6.08E-3 -5.65E-3 361 5.93E-3 -8.20E-3
296 1.28E-2 -6.95E-3 329 7.63E-3 -7.72E-3 362 3.70E-3 -3.77E-3
297 7.38E-3 -5.36E-3 330 7.54E-3 -5.47E-3 363 1.07E-2 -1.98E-4
298 6.15E-3 -3.25E-3 331 6.91E-3 -2.98E-3 364 1.17E-2 -6.92E-3
299 1.14E-2 -8.50E-3 332 5.80E-3 -4.71E-3 365 8.83E-3 -4.46E-3
300 9.84E-3 -8.99E-3 333 -1.01E-3 -1.21E-4 366 4.17E-3 2.53E-3
301 1.1 IE-2 -2.88E-3 334 2.96E-3 -4.44E-3 367 9.12E-3 -1.08E-3
302 1.05E-2 -9.42E-3 335 6.89E-3 5.65E-4 368 6.88E-3 -7.13E-4
303 1.50E-2 -8.60E-3 336 2.09E-3 -2.69E-3 369 1.87E-2 -5.90E-3
304 1.48E-2 -9.13E-7 337 1.66E-2 -2.31E-3 370 9.89E-3 -8.14E-3
305 1.05E-2 -2.31E-3 338 1.27E-2 -3.20E-3 371 6.02E-3 -1.27E-2
306 5.21E-3 -2.26E-3 339 5.04E-3 -4.16E-3 372 6.43E-3 -1.11E-2
307 4.15E-3 -1.46E-3 340 7.71E-3 -6.90E-3 373 . 3.54E-3 .-1.2 IE-2
308 5.88E-3 -1.49E-3 341 6.43E-3 -3.90E-3 374 7.79E-3 -1.20E-2
309 5.39E-3 -2.18E-3 342 1.37E-2 -7.77E-3 375 7.34E-3 -1.09E-2
310 4.56E-3 -4.38E-3 343 1.16E-2 -9.77E-3 376 7.14E-3 -8.12E-3
311 1.29E-2 -8.45E-3 344 4.47E-3 -1.45E-3 377 5.46E-3 -7.65E-3
312 2.30E-3 -1.78E-3 345 6.20E-3 -1.07E-2 378 1.03E-2 -7.10E-3
313 6.82E-3 -8.51E-3 346 5.55E-3 -4.83E-4 379 4.88E-3 -3.33E-3
314 3.70E-3 -2.25E-3 347 1.21E-2 -6.49E-3 380 7.01E-3 -6.22E-3
315 6.17E-3 -5.45E-3 348 5.29E-3 -1.44E-4 381 7.21E-4 -2.60E-4
316 2.98E-4 -4.95E-3 349 1.86E-2 -9.19E-3 382 8.69E-3 -3.08E-3
317 9.80E-3 -5.50E-3 350 9.96E-3 -2.32E-3 383 8.40E-3 5.80E-4
318 1.40E-2 -1.82E-3 351 -1.23E-3 4.21E-3 384 1.00E-2 5.30E-4
237
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF5d
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 8.36E-4 -7.47E-4 47 1.73E-2 -3.38E-3 93 9.86E-3 -5.49E-3
2 1.08E-4 4.35E-4 48 4.64E-2 -3.18E-3 94 2.30E-2 -8.08E-3
3 1.17E-3 -3.57E-3 49 2.57E-3 -2.52E-4 95 3.76E-2 -9.85E-3
4 2.60E-3 1.36E-4 50 2.12E-3 -7.83E-4 96 5.24E-2 -4.36E-3
5 1.73E-3 -9.02E-5 51 3.69E-3 -1.85E-3 97 3.79E-3 -7.42Et4
6 3.29E-3 -3.02E-3 52 3.66E-3 -1.87E-3 98 4.48E-3 -1.31E-3
7 3.88E-3 -9.22E-4 53 5.29E-3 -1.68E-3 99 7.10E-3 -1.73E-3
8 3.77E-3 -5.00E-3 54 6.50E-3 -1.42E-4 100 7.24E-3 -1.19E-3
9 5.21E-3 -4.87E-3 55 8.08E-3 -5.72E-4 101 6.54E-3 -1.86E-3
10 5.49E-3 -3.83E-3 56 1.07E-2 -2.29E-4 102 1.19E-2 -1.66E-3
11 7.60E-3 -2.10E-3 57 9.29E-3 2.24E-3 103 1.30E-2 4.82E-3
12 5.39E-3 -1.42E-3 58 1.15E-2 3.84E-3 104 1.07E-2 1.64E-3
13 6.96E-3 -1.95E-3 59 7.60E-3 2.93E-3 105 8.21E-3 1.34E-4
14 5.61E-3 3.63E-3 60 1.09E-2 1.86E-4 106 1.40E-2 -3.42E-3
15 4.52E-3 6.89E-3 61 7.99E-3 -1.35E-3 107 1.01E-2 -3.80E-3
16 4.35E-2 1.20E-3 62 8.75E-3 1.79E-3 108 1.69E-2 -8.46E-3
17 6.91E-4 -5.35E-4 63 2.72E-2 -2.40E-3 109 2.02E-2 -7.12E-3
18 1.07E-3 -7.63E-4 64 4.53E-2 -3.78E-3 110 2.59E-2 -9.35E-3
19 2.10E-3 -1.47E-3 65 2.55E-3 -1.89E-4 111 3.82E-2 -1.05E-2
20 2.24E-3 -9.23E-4 66 4.18E-3 -1.36E-3 112 0.00E+0 -5.12E-3
21 3.00E-3 -1.58E-4 67 4.40E-3 -3.10E-3 113 3.15E-3 -6.30E-5
22 3.49E-3 -1.61E-3 68 4.62E-3 2.73E-4 114 6.51E-3 -1.39E-3
23 7.23E-3 5.52E-4 69 5.81E-3 -6.17E-4 115 9.82E-3 -7.09E-4
24 5.33E-3 -1.75E-4 70 ■ 1.06E-2 -7.25E-4 116 5.84E-3 -1.91E-3
25 1.09E-2 -2.43E-3 71 1.08E-2 1.04E-3 117 9.62E-3 -7.05E-4
26 8.37E-3 3.48E-5 72 1.23E-2 4.15E-3 118 9.69E-3 -3.35E-4
27 4.81E-3 -2.91E-3 73 1.08E-2 -1.58E-4 119 1.17E-2 1.07E-4
28 6.83E-3 1.75E-3 74 1.11E-2 3.97E-3 120 1.53E-2 -2.75E-3
29 8.45E-3 2.61E-3 75 1.04E-2 1.02E-3 121 1.56E-2 -5.93E-4
30 2.90E-3 2.28E-3 76 1.24E-2 -9.14E-4 122 1.09E-2 4.48E-4
31 1.19E-2 -1.40E-3 77 1.25E-2 1.07E-3 123 1.15E-2 -5.14E-3
32 4.54E-2 -4.46E-3 78 1.95E-2 -1.64E-3 124 1.49E-2 -8.04E-3
33 1.75E-3 -1.92E-3 79 2.80E-2 -6.52E-3 125 1.96E-2 -1.23E-2
34 1.33E-3 -1.01E-3 80 5.40E-2 -5.13E-3 126 2.61E-2 -8.55E-3
35 2.65E-3 -1.23E-3 81 3.74E-3 -5.11E-4 127 3.74E-2 -1.25E-2
36 5.42E-3 -1.01E-3 82 5.02E-3 -2.71E-3 128 4.59E-2 -4.56E-3
37 4.27E-3 -1.66E-3 83 3.78E-3 1.11E-3 129 6.68E-3 -1.59E-3
38 3.10E-3 -1.81E-4 84 5.51E-3 -1.15E-3 130 7.88E-3 -3.89E-4
39 8.27E-3 -2.24E-4 85 8.32E-3 -1.32E-3 131 4.84E-3 -3.60E-3
40 8.67E-3 -9.45E-4 86 1.13E-2 2.05E-3 132 2.39E-3 -7.13E-5
41 1.05E-2 ' 1.47E-3 87 1.05E-2 -9.42E-5 133 1.00E-2 -3.70E-4
42 7.42E-3 -1.56E-3 88 1.28E-2 7.80E-4 134 - 5.82E-3 -2.52E-3
43 1.01E-2 2.96E-3 89 1.31E-2 -8.81E-5 135 1.49E-2 -2.28E-3
44 8.33E-3 1.74E-3 90 1.29E-2 2.02E-3 136 1.40E-2 1.96E-3
45 7.75E-3 1.34E-3 91 8.83E-3 -9.96E-4 137 1.09E-2 -6.76E-4
46 6.46E-3 1.03E-3 92 1.28E-2 -3.62E-3 138 1.41E-2 -5.94E-3
238
Degree o f Engineering Doctqrate (EngD) in Environmental Technology Appendix I
139 1.07E-2 -6.06E-5 188 1.92E-2 -1.59E-2 237 1.18E-2 -1.38E-2
140 2.04E-2 -1.44E-2 189 2.38E-2 -2.04E-2 238 1.71E-2 -9.95E-3
141 2.45E-2 -1.19E-2 190 2.45E-2 -1.60E-2 239 1.08E-2 -2.70E-3
142 2.37E-2 -1.10E-2 191 3.43E-2 -1.21E-2 240 8.50E-3 7.86E-4
143 3.37E-2 -8.29E-3 192 3.48E-2 -4.94E-3 241 1.21E-2 -3.46E-4
144 4.52E-2 -5.86E-3 193 9.33E-3 -3.32E-4 242 9.75E-3 -2.49E-3
145 6.64E-3 -4.35E-4 194 1.04E-2 -8.50E-4 243 8.70E-3 -3.80E-4
146 6.54E-3 -5.99E-5 195 6.22E-3 -1.71E-3 244 -5.92E-3 -1.32E-3
147 5.91E-3 -1.16E-3 196 1.17E-2 -3.94E-3 245 - -3.10E-3 8.57E-4
148 8.45E-3 -1.86E-3 197 9.44E-3 -1.06E-3 246 3.19E-3 -2.45E-3
149 9.43E-3 -3.99E-3 198 5.16E-3 -2.89E-3 247 5.97E-3 -2.05E-3
150 1.12E-2 -3.72E-4 199 1.59E-3 -3.95E-3 248 1.37E-2 -3.79E-3
151 1.55E-2 2.43E-3 200 1.37E-2 -7.57E-3 249 2.17E-2 -1.28E-2
152. 2.07E-3 2.09E-3 201 1.36E-2 -1.17E-2 250 1.60E-2 -1.69E-2
153 3.75E-3 -5.74E-3 202 1.92E-2 -1.22E-2 251 1.55E-2 -1.86E-2
154 1.43E-2 -1.02E-2 203 2.37E-2 -1.96E-2 252 8.68E-3 -1.52E-2
155 2.30E-2 -1.16E-2 204 1.88E-2 -1.41E-2 253 8.20E-3 -1.73E-2
156 1.78E-2 -1.04E-2 205 9.70E-3 -8.07E-3 254 8.13E-3 -8.15E-3
157 2.02E-2 -1.42E-2 206 2.02E-2 -I.36E-2 255 -9.48E-3 4.73E-4
158 2.31E-2 -1.35E-2 207 2.34E-2 -8.82E-3 256 -5.39E-3 -3.83E-3
159 3.33E-2 -1.05E-2 208 2.67E-2 -4.00E-3 257 1.19E-2 -1.02E-3
160 3.80E-2 -5.06E-3 209 9.12E-3 -1.03E-3 258 1.20E-2 -5.82E-4
161 6.60E-3 -1..32E-3 210 1.06E-2 -2.55E-4 259 1.26E-2 -2.86E-3
162 4.01E-3 -1.51E-3 211 1.25E-2 -1.46E-3 260 8.18E-3 1.07E-3
163 8.21E-3 -1.34E-3 212 4.09E-3 1.13E-4 261 4.11E-3 -1.70E-3
164 7.03E-3 -4.61E-4 213 8.50E-3 2.90E-3 262 8.97E-3 -6.76E-3
165 8.55E-3 -3.90E-3 214 -8.50E-4 9.74E-4 263 8.63E-3 -1.96E-3
166 4.14E-3 -1.03E-3 215 -2.89E-3 -1.54E-3 264 1.44E-2 -1.54E-2
167 1.01E-2 -2.31E-3 216 1.51E-2 -1.61E-2 265 1.51E-2 -7.03E-3
168 4.05E-3 -3.24E-3 217 1.83E-2 -1.88E-2 266 1.80E-2 -1.19E-2
169 7.19E-3 -2.69E-3 218 1.41E-2 -1.27E-2 267 1.10E-2 -1.46E-2
170 1.19E-2 -7.72E-3 219 1.41E-2 -1.67E-2 268 1.76E-2 -1.73E-2
171 2.18E-2 -1.80E-2 220 1.63E-2 -1.58E-2 269 1.57E-2 -7.40E-3
172 2.42E-2 -1.97E-2 221 1.65E-2 -1.53E-2 270 1.21E-2 -7.70E-3
173 1.95E-2 -3.99E-3 222 1.56E-2 -1.52E-2 271 7.86E-3 -4.56E-4
174 2.88E-2 -1.27E-2 223 2.14E-2 -7.43E-3 272 7.50E-3 5.78E-3
175 2.98E-2 -9.40E-3 224 1.03E-2 5.60E-4 273 1.26E-2 -3.40E-4
176 . 3.32E-2 -7.22E-3 225 1.06E-2 -5.83E-4 274 1.33E-2 -1.08E-3
177 7.98E-3 -7.56E-4 226 1.23E-2 -1.34E-3 275 9.03E-3 -8.79E-4
178 5.67E-3 -1.51E-3 227 1.05E-2 -1.40E-3 276 9.85E-3 -4.51E-4
179 9.00E-3 -1.96E-3 228 5.47E-3 -1.85E-3 277 4.17E-3 1.59E-3
180 8.57E-3 -1.94E-3 229 -6.61E-3 1.55E-3 278 1.68E-2 -4.14E-3
181 1.23E-2 -3.78E-3 230 -2.38E-3 9.92E-4 279 1.51E-2 -3.15E-3
182 1.15E-2 -7.95E-4 231 1.21E-2 -1.22E-2 280 1.04E-2 -1.66E-2
183 4.83E-3 -2.55E-3 232 1.50E-2 -1.19E-2 281 1.20E-2 -1.11E-2
184 7.06E-3 -4.93E-3 233 1.76E-2 -1.61E-2 282 1.35E-2 -1.36E-2
185 1.27E-2 -1.12E-2 234 1.70E-2 -1.52E-2 283 1.43E-2 -1.35E-2
186 1.12E-2 -1.73E-2 235 1.63E-2 -1.56E-2 284 9.90E-3 -1.09E-2
187 1.96E-2 -1.60E-2 236 1.86E-2 -1.50E-2 285 -9.52E-3 -8.16E-4
239
Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
28.6 -6.62E-3 -2.20E-3 319 5.55E-3 4.85E-3 352 1.55E-3 1.59E-3
287 -5.25E-3 -6.94E-4 320 1.05E-2 1.80E-3 353 2.05E-2 -3.03E-4
288 -3.88E-3 8.11E-4 321 1.71E-2 -1.68E-3 354 1.20E-2 -4.06E-3
289 1.43E-2 -1.03E-3 322 3.04E-3 -1.54E-3 355 3.72E-3 -3.09E-3
290 1.43E-2 -2.93E-5 323 3.86E-3 4.10E-4 356 4.34E-3 -4.98E-3
291 1.02E-2 -1.53E-3 324 8.57E-4 1.11E-3 357 1.06E-2 1.75E-3
292 8.42E-3 -3.37E-3 325 4.08E-3 -4.66E-3 358 2.39E-3 -4.65E-3
293 2.68E-3 -6.78E-3 326 5.20E-4 5.34E-4 359 4.42E-4 7.61E-4
294 9.42E-3 -5.46E-3 327 7.73E-3 4.84E-3 360 -5.51E-4 -4.39E-3
295 2.46E-2 -1.41E-2 328 1.95E-3 5.29E-3 361 5.37E-3 3.38E-3
296 6.66E-3 -9.73E-3 329 -6.41E-3 -4.03E-3 362 2.00E-3 7.24E-3
297 -2.70E-3 1.71E-4 330 -7.44E-3 -3.77E-3 363 9.35E-3 -7.02E-4
298 -4.74E-3 -3.25E-3 331 8.06E-3 -7.80E-3 364 4.57E-3 1.32E-3
299 -1.01E-3 -4.90E-3 332 5.93E-3 1.39E-3 365 1.06E-4 -5.34E-4
300 9.24E-3 -4.27E-3 333 1.40E-3 -5.31E-3 366 -1.92E-3 -2.37E-3
301 7.78E-4 -2.85E-3 334 1.82E-3 -1.28E-3 367 -2.83E-3 -1.85E-3
302 -7.69E-3 -1.43E-3 335 3.51E-3 6.23E-3 368 -6.70E-4 -2.40E-4
303 -1.04E-2 -8.88E-4 336 -4.50E-3 -2.36E-3 369 2.29E-2 -4.12E-3
304 3.32E-3 1.31E-3 337 1.86E-2 -1.86E-3 370 1.02E-2 -6.15E-3
305 1.44E-2 -1.32E-3 338 1.29E-2 -1.94E-3 371 1.81E-3 -1.19E-3
306 1.43E-2 -1.23E-3 339 -2.58E-3 -5.10E-3 372 1.54E-3 -4.02E-3
307 1.25E-2 -1.96E-3 340 9.22E-4 -1.27E-3 373 1.30E-3 -3.35E-3
308 4.85E-3 1.51E-3 341 -4.84E-3 -1.75E-3 374 1.23E-3 -5.86E-5
309 -4.83E-3 -2.20E-4 342 -1.88E-3 -5.16E-4 375 2.18E-3 5.05E-3
310 -5.74E-3 9.88E-4 343 1.50E-3 -4.64E-3 376 4.01E-3 5.06E-3
311 -3.11E-3 -1.66E-3 344 -2.27E-3 1.97E-3 377 5.09E-3 1.50E-3
312 4.56E-3 5.13E-3 345 5.13E-3 -2.40E-4 378 1.51E-3 -3.33E-3
313 -6.35E-3 3.41E-3 346 -7.70E-3 -9.72E-4 379 -3.20E-3 -2.23E-3
314 -8.19E-3 -2.45E-3 347 -2.18E-3 -1.07E-3 380 4.17E-3 5.81E-3
315 -2.32E-3 -1.09E-2 348 -8.07E-4 -4.05E-3 381 4.30E-3 -6.12E-3
316 -8.03E-3 3.18E-3 349 -3.54E-3 -3.57E-3 382 -7.73E-4 -7.09E-3
317 1.54E-2 -4.08E-3 350 1.02E-3 -2.11E-3 383 5.71E-3 4.19E-3
318 4.15E-3 3.85E-4 351 4.68E-3 1.86E-3 384 3.91E-3 9.24E-3
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Degree o f Engineering Doctorate (EngD) in Environmental Technology Appendix I
DAF5e
Point Uvel Vvel Point Uvel Vvel Point Uvel Vvel
1 8.19E-4 -1.40E-3 47 1.99E-2 -2.97E-3 93 1.84E-2 -7.08E-3
2 7.37E-4 -1.01E-3 48 4.62E-2 -3.67E-3 94 2.25E-2 -8.44E-3
3 1.56E-3 -6.05E-5 49 3.81E-3 -7.12E-4 95 3.24E-2 -9.86E-3
4 1.80E-3 -1.04E-3 50 4.76E-3 -2.83E-5 96 5.07E-2 -7.45E-3
5 1.46E-3 -8.47E-4 51 4.63E-3 -1.00E-3 97 5.33E-3 9.87E-5
6 2.12E-3 -7.29E-4 52 5.25E-3 -4.24E-4 98 8.67E-3 -1.40E-3
7 2.68E-3 -8.26E-4 53 1.15E-3 -2.04E-3 99 1.50E-3 -3.96E-4
8 2.62E-3 -4.78E-4 54 4.98E-3 -1.32E-3 100 8.22E-3 9.56E-6
9 4.84E-3 -8.55E-4 55 1.22E-2 -4.38E-4 101 7.95E-3 -1.40E-3
10 7.28E-3 -3.74E-3 56 1.27E-2 1.20E-3 102 -7.23E-4 -4.33E-4
11 6.63E-3 -2.28E-3 57 3.50E-3 -3.36E-3 103 1.28E-2 2.31E-4
12 8.28E-3 -3.04E-3 58 1.01E-2 1.24E-3 104 1.23E-2 -4.78E-4
13 8.01E-3 -1.64E-4 59 1.07E-2 6.92E-3 105 8.01E-3 6.61E-4
14 4.04E-3 5.23E-3 60 4.98E-3 -1.09E-3 106 1.04E-2 -2.62E-3
15 3.66E-3 6.51E-3 61 1.15E-2 1.36E-4 107 9.52E-3 -9.99E-4
16 3.25E-2 3.00E-3 62 1.62E-2 6.80E-3 108 1.70E-2 -3.54E-3
17 1.12E-3 -2.76E-4 63 2.94E-2 -5.45E-3 109 2.18E-2 -9.64E-3
18 8.78E-4 -1.57E-3 64 3.84E-2 -4.30E-3 110 2.33E-2 -9.09E-3
19 2.60E-3 -6.35E-4 65 4.06E-3 -3.56E-4 111 3.31E-2 -9.46E-3
20 5.59E-3 -4.30E-3 66 5.60E-3 -6.85E-4 112 4.32E-2 -7.91E-3
21 1.58E-3 -3.93E-4 67 7.69E-3 -1.49E-3 113 5.15E-3 -1.21E-3
22 4.13E-3 8.95E-4 68 5.91E-3 -1.89E-3 114 4.19E-3 -1.92E-3
23 4.87E-3 5.14E-5 69 8.37E-3 -6.80E-4 115 1.11E-2 -1.06E-3
24 - 4.97E-3 -1.60E-4 70 6.39E-3 -2.26E-3 116 9.53E-3 8.25E-4
25 7.25E-3 -1.65E-3 71 1.08E-2 4.57E-4 117 5.90E-3 -3.30E-3
26 9.53E-3 -3.13E-3 72 1.02E-2 -3.03E-5 118 4.88E-3 -9.11E-4
27 8.51E-3 3.07E-3 73 1.25E-2 8.87E-4 119 3.30E-3 -2.00E-4
28 6.28E-3 1.47E-3 74 1.17E-2 4.44E-3 120 1.25E-2 -7.91E-4
29 1.13E-2 3.01E-3 75 1.65E-2 -7.91E-4 121 1.37E-3 -3.27E-4
30 2.49E-3 3.25E-3 76 1.46E-2 9.12E-4 122 7.04E-3 -4.01E-3
31 1.21E-2 2.70E-3 77 1.42E-2 -4.89E-3 123 1.52E-2 -5.29E-3
32 4.17E-2 -1.64E-3 78 1.62E-2 -5.38E-3 124 4.13E-2 -8.17E-3
33 2.30E-3 -5.47E-4 79 3.09E-2 -6.67E-3 125 2.82E-2 -1.19E-2
34 2.27E-3 -1.04E-3 80 1.62E-2 -6.35E-3 126 2.69E-2 -1.40E-2
35 2.66E-3 -3.44E-4 81 5.16E-3 -4.42E-4 127 3.24E-2 -1.09E-2
36 -6.87E-4 -1.94E-3 82 5.80E-3 -1.59E-4 128 3.57E-2 -8.37E-3
37 4.04E-3 -1.14E-3 83 8.07E-3 4.76E-5 129 7.43E-3 -7.23E-4
38 6.33E-3 -1.52E-3 84 4.33E-3 -6.33E-4 130 5.04E-3 -7.01E-4
39 8.62E-3 -1.89E-3 85 8.95E-3 -5.24E-4 131 4.03E-3 -2.09E-3
40 7.93E-3 2.08E-3 86 4.40E-3 -7.99E-4 132 -6.97E-4 -2.70E-3
41 1.05E-2 1.50E-3 87 9.11E-3 4.08E-4 133 -1.10E-3 -1.99E-3
42 9.73E-3 3.68E-3 88 1.49E-2 2.56E-3 134 8.85E-3 6.70E-4
43 4.32E-3 2.69E-3 89 1.48E-2 -3.30E-3 135 5.03E-3 -1.29E-3
44 5.60E-3 1.22E-3 90 1.29E-2 5.08E-3 136 5.51E-5 7.12E-4
45 7.79E-3 -5.19E-4 91 9.76E-3 2.73E-4 137 4.01E-3 -4.70E-4
46 7.11E-3 1.69E-3 92 1.70E-2 -5.31E-3 138 1.14E-2 -1.12E-3
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139 8.12E-3 -1.18E-3 188 1.79E-2 -1.14E-2 237 1.71E-2 -2.76E-3
140 1.73E-2 -5.10E-3 189 1.89E-2 -1.41E-2 238 1.32E-2 -8.83E-4
141 1.89E-2 -1.10E-2 190 1.63E-2 -1.27E-2 239 2.49E-3 -1.43E-3
142 1.93E-2 -1.10E-2 191 2.02E-2 -9.47E-3 240 1.06E-2 4.19E-4
143 2.98E-2 -1.20E-2 192 1.86E-2 -4.37E-3 241 1.31E-2 -1.56E-3
144 3.60E-2 -7.51E-3 193 9.71E-3 -1.55E-3 242 9.81E-3 -9.95E-4
145 1.05E-2 -9.57E-5 194 9.46E-3 5.46E-4 243 1.95E-3 -8.08E-4
146 8.22E-3 -2.58E-3 195 1.31E-4 -1.65E-4 244 2.17E-3 -2.18E-3
147 9.88E-3 -7.34E-4 196 -2.10E-3 -1.18E-3 245 -8.73E-3 5.91E-4
148 4.74E-3 -3.56E-3 197 -1.09E-2 -2.32E-3 246 3.14E-3 -3.34E-3
149 9.21E-3 -2.70E-3 198 -9.25E-3 -1.70E-4 247 -9.78E-3 1.38E-3
150 -8.00E-5 -4.04E-4 199 -6.99E-3 6.06E-3 248 -7.71E-3 -1.61E-3
151 4.85E-3 -1.46E-3 200 2.72E-4 -1.38E-3 249 6.37E-3 2.37E-3
152 1.03E-2 1.67E-3 201 9.32E-3 -4.12E-3 250 1.32E-2 6.28E-4
153 -7.23E-3 -4.05E-3 202 1.50E-2 -1.23E-2 251 7.50E-3 2.23E-3
154 1.54E-2 -8.14E-3 203 2.17E-2 -1.46E-2 252 1.66E-2 -4.42E-3
155 1.94E-2 -1.42E-2 204 1.90E-2 -1.24E-2 253 1.05E-2 3.17E-4
156 2.48E-2 -1.76E-2 205 1.95E-2 -9.58E-3 254 1.09E-2 2.54E-4
157 2.21E-2 -1.49E-2 206 1.27E-2 -9.26E-3 255 4.29E-3 4.91E-3
158 2.35E-2 -1.83E-2 207 1.77E-2 -7.57E-3 256 3.96E-3 4.39E-3
159 2.94E-2 -1.52E-2 208 1.31E-2 -1.38E-3 257 1.44E-2 -3.65E-4
160 2.35E-2 -5.11E-3 209 1.20E-2 -5.39E-4 258 4.86E-3 -1.54E-3
161 1.16E-2 6.73E-4 210 8.83E-3 4.42E-4 259 3.96E-3 -5.61E-4
162 8.58E-3 -3.16E-3 211 4.15E-3 -1.51E-3 260 2.85E-3 -1.10E-3
163 6.10E-3 -1.14E-3 212 -6.68E-4 -3.10E-3 261 -6.43E-3 5.03E-4
164 7.40E-4 -2.12E-4 213 -6.64E-3 -2.75E-3 262 -8.38E-3 6.82E-4
165 -7.67E-3 -1.40E-3 214 -9.15E-3 2.82E-4 263 -8.98E-3 4.16E-4
166 -1.32E-4 2.09E-4 215 7.84E-4 4.36E-3 264 1.01E-3 2.59E-3
167 -4.89E-3 4.00E-3 216 1.07E-2 -6.66E-3 265 4.29E-3 6.09E-3
168 -1.16E-3 5.55E-3 217 1.40E-2 -7.82E-3 266 7.58E-3 9.60E-3
169 6.48E-3 -3.23E-3 218 1.72E-2 -8.97E-3 267 -2.25E-3 1.55E-3
170 1.64E-2 -8.38E-3 219 1.99E-2 -1.23E-2 268 -2.93E-3 2.42E-3
171 2.11E-2 -1.98E-2 220 1.29E-2 -1.01E-2 269 6.42E-3 3.63E-3
172 2.06E-2 -1.72E-2 221 1.55E-2 -1.27E-2 270 6.63E-3 4.37E-3
173 2.08E-2 -1.65E-2 222 4.74E-3 -1.35E-3 271 5.50E-3 2.41E-3.
174 1.52E-2 -1.24E-2 223 1.07E-2 -3.85E-3 272 6.70E-3 2.90E-3
175 2.14E-2 -6.20E-3 224 7.17E-3 1.79E-3 273 1.36E-2 -1.10E-3
176 1.09E-2 -2.72E-3 225 1.26E-2 -3.04E-4 274 8.34E-3 -1.48E-3
177 5.79E-3 -9.56E-4 226 5.51E-3 -3.20E-4 275 5.19E-3 9.46E-4
178 4.66E-3 -1.03E-3 227 3.31E-3 -4.89E-4 276 -2.14E-3 2.75E-4
179 -2.35E-4 -2.84E-3 228 -5.57E-3 2.21E-4 277 -3.01E-3 -1.39E-3
180 -4.04E-3 -2.25E-3 229 -9.18E-3 1.97E-3 278 -5.12E-3 -3.81E-3
181 -4.99E-3 -1.54E-3 230 -8.69E-3 1.96E-3 279 -1.01E-2 9.43E-4
182 -7.54E-3 -2.84E-3 231 2.31E-4 -2.65E-4 280 -9.01E-3 -2.22E-3
183 -9.82E-3 5.48E-3 232 6.94E-3 2.72E-3 281 -3.97E-3 -1.51E-3
184 7.07E-3 -8.33E-3 233 -5.13E-4 4.21E-4 282 5.82E-3 5.68E-3
185 1.31E-2 -1.19E-2 234 8.78E-3 -7.67E-4 283 8.70E-3 6.37E-3
186 1.91E-2 -1.54E-2 235 1.84E-2 -1.06E-2 284 8.13E-3 6.37E-3
187 1.44E-2 -1.11E-2 236 1.33E-2 -6.48E-3 285 1.01E-2 6.49E-3
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286 8.42E-3 6.26E-3 319 5.46E-3 1.38E-3 352 -8.42E-4 2.68E-3
287 8.60E-3 6.24E-3 320 7.57E-3 2.36E-3 353. 2.24E-2 -2.24E-3
288 6.70E-3 5.42E-3 321 1.61E-2 -1.16E-3 354 1.09E-2 -3.22E-3
289 1.55E-2 -8.99E-4 322 8.49E-3 -2.43E-3 355 4.56E-3 -3.09E-3
290 9.73E-3 -1.34E-3 323 2.35E-3 -1.48E-3 356 -1.21E-3 -1.34E-3
291 2.99E-3 -1.51E-3 324 -3.84E-4 -2.08E-3 357 -1.23E-3 -1.44E-3
292 -4.19E-3 -9.71E-4 325 -3.74E-3 -1.40E-4 358 -1.24E-3 -1.54E-3
293 -5.86E-3 -1.14E-3 326 -3.19E-3 -2.68E-3 359 -3.27E-3 -3.90E-3
294 -1.08E-2 4.82E-4 327 -3.45E-3 -9.74E-4 360 2.43E-3 -1.54E-3
295 -6.77E-3 -2.10E-3 328 -3.52E-3 -1.12E-3 361 6.02E-4 -1.00E-3
296 -5.47E-3 -2.62E-3 329 -1.40E-3 -1.11E-3 362 -4.58E-4 -1.88E-3
297 -9.22E-3 -2.20E-3 330 -3.76E-4 1.14E-4 363 -1.52E-3 -2.76E-3
298 -2.20E-3 2.67E-3 331 -1.12E-3 1.30E-3 364 2.41E-3 -3.97E-4
299 8.35E-3 6.18E-3 332 4.87E-3 -5.74E-4 -365 -1.32E-4' -5.11E-5
300 9.59E-3 7.56E-3 333 -2.95E-3 1.64E-3 366 2.98E-3 9.67E-4
301 1.08E-2 8.94E-3 334 5.14E-3 9.54E-4 367 1.99E-3 4.82E-4
302 7.71E-3 7.14E-3 335 1.35E-3 5.41E-4 368 1.77E-3 1.40E-3
303 5.08E-3 3.16E-3 336 1.32E-3 2.13E-3 369 2.23E-2 -1.94E-3
304 5.75E-3 4.37E-3 337 1.66E-2 -1.86E-3 370 1.08E-2 -4.70E-3
305 1.69E-2 -7.31E-4 338 1.18E-2 -2.08E-3 371 2.89E-3 -2.46E-3
306 1.07E-2 -9.81E-4 339 7.98E-3 -1.96E-3 372 -5.82E-4 -1.11E-3
307 3.85E-3 -1.79E-3 340 -2.31E-4 -2.25E-3 373 -4.30E-4 -2.15E-3
308 -3.95E-3 -8.34E-4 341 -1.07E-3 1.14E-3 374 -1.44E-3 -1.39E-3
309 4.52E-4 -1.83E-3 342 2.20E-3 -1.50E-3 375 -1..18E-3 -2.34E-3
310 -6.17E-3 -2.12E-3 343 2.68E-3 -1.27E-3 376 -1.28E-3 -3.42E-3
311 -6.10E-3 -9.26E-4 344 -3.56E-3 -2.63E-3 377 -4.05E-4 -2.15E-3
312 -5.58E-3 -4.26E-3 345 -5.92E-4 -1.43E-4 378 -8.49E-4 -4.57E-3
313 -3.04E-3 -4.68E-3 346 -1.03E-3 -7.32E-4 379 -1.44E-3 -3.23E-3
314 -1.08E-3 -2.07E-3 347 -1.47E-3 -1.32E-3 380 -1.47E-3 -3.56E-3
315 -2.37E-3 -8.69E-4 348 5.49E-4 4.84E-4 381 3.13E-3 -2.71E-3
316 3.97E-3 -1.32E-3 349 1.64E-3 1.94E-3 382 -1.75E-3 8.90E-4
317 5.95E-3 4.86E-3 350 -3.26E-3 -3.31E-4 383 2.20E-3 2.20E-3
318 -4.52E-3 9.63E-4 351 3.40E-3 3.55E-3 384 1.07E-3 1.28E-3
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APPENDIX II
Extracts are reproduced here from the operating manuals for FLUENT v4.56 software. The information 
reproduced here pertains to the governing equations of the Eulerian multiphase modelling scheme and 
the mass flux inlet boundary condition as used in this work.
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19.9 Eulerian Multiphase Models
To change from a single-phase model, where a single set of con­
servation equations for momentum and continuity is solved, to a 
multiphase model, additional sets of conservation equations must 
be introduced. In the process of introducing additional sets of con­
servation equations, the original set must also be modified. The 
modifications involve, among other things, the introduction of the 
volume fractions aq, a 2 , . . .  a n for the multiple phases, as well as a 
mechanism for the exchange of momentum between the phases.
19.9.1 Volume Fractions
The description of multiphase flow as interpenetrating continua in­
corporates-the concept of phasic volume fractions, denoted here by 
a q. Volume fractions represent the space occupied by each phase. 
The laws of conservation of mass, momentum, and energy are satis­
fied by each phase individually. The derivation of the conservation 
equations can be done by ensemble averaging the local instanta­
neous balance for each of the phases [3] or by using the mixture 
theory approach [10].
The volume of phase g, Vq, is defined by •
Vq = fv otqdV (19.9-1)
where
r i  *
E “ ? = 1 (19.9-2)
9=1
The effective density of the phase q is
pq =  a qpq (19.9-3)
where pq is the physical density of phase g, which, in the case of a 
gas, can obey the local gas law.
19.9.2 Conservation Equations
The conservation equations from which the equations solved by 
FLUENT for fluid-fluid and granular flows are derived are presented 
in this section in general form. Below, in Sections 19.9.3 and 19.9.4, 
the equations solved by FLUENT will be explicitly presented.
C onservation of The continuity equation for phase q is 
Mass
d n
WT a qPq + V - a qpqu q = Y t ihpq (19.9-4)
p = i
where uq is the velocity of phase q and rhpq characterizes the mass 
transfer from the pth to qth phase. From the mass conservation one 
can obtain
riipq =  - m qp (19.9-5)
and rhpp =  0 245
Conservation of The momentum balance for phase q yields 
M om entum
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d—(aqpquq) + V • (aqpquq ® u q) .= - a qV p  +  V • f q +  a qpqFq +
n
+ m pqupq) (19.9-6)
p= 1
where f q is the gth phase stress-strain tensor
_ 2
f q — 2aqllqSq +  C£q{\q ~  ~ / i q)V • U q I  (19.9-7)
and
Sg =  5(ViIg +  (Virg)'i ') (19.9-8)1    — .
Here pq and Xq are the shear and bulk viscosity of phase g, Fq is an 
external body force, Rpq is an interaction force between phases, ® 
is a dyadic product, and p is the pressure shared by all phases.
upq is the interphase velocity, defined as follows. If m pq >  0 (i.e., 
phase p mass is being transferred to phase q), upq =  up, if m pq < 0 
(i.e., phase q mass is being transferred to phase p), upq = uq, and
Upq — Uqp.
Equation 19.9-6 must be closed with appropriate expressions for the 
interphase force Rpq. This force depends on the friction, pressure, 
cohesion, and other effects, and is'subject to the conditions that 
Rpq  —  R qp R qq  0 .
FLUENT uses a simple interaction term of the form
=  (19-9-9)
p = i  P = i
where Kpq (= K qv) is the interphase momentum exchange coefficient 
(described in Sections 19.9.3 and 19.9.4).
19.9.3 D escrip tion  of Fluid-Fluid M ultiphase Flow
The equations for fluid-fluid multiphase flow, as implemented in 
FLUENT, are presented here for the general case of an n-phase flow.
T he  M om entum  Equations
The conservation of momentum for a fluid phase q is .
d
— (aqpqUq)+ V  ■ {aqpqu q ® u q) = - a qVp +  V • f q +  a qpqg +
(.Up, Uq) 4" TTlpqUpq) +
p = 1
Fq (19.9-12)
•Here g is the acceleration due to gravity and Fq represents additional 
momentum sources.. The stress-strain tensor ( t^ . .  in component 
form is given by
duq>i duqJ 2 duqti
T,,ij -  gXj +  gXi )
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T he Volum e The momentum equations are subject to the constraint that the 
F raction  volume fractions add to unity:
=  1
q= 1
(19.9-13)
The volume fraction of each phase is calculated from a continuity 
equation:
The Exchange 
Coefficient
d 1 71
irAcLqTq) +  V • {dqrqUq) =   ---£
0 t  Pq,ref p=1
(19.9-14)
where rq =  pq/  pq>Te{ and p5jref is a constant reference density. The 
solution of this equation for each secondary phase, along with the 
condition given by Equation 19.9-13, allows for the calculation of 
the primary-phase volume fraction. This treatment is common to 
fluid-fluid and granular flows.
It can be seen in Equation 19.9-12 that momentum exchange be­
tween the phases is based on the value of the exchange coefficient, 
K pq. For fluid-fluid flows, each secondary phase is assumed to form 
droplets or bubbles. This has an impact bn how each of the fluids 
is assigned to a particular phase. For example, in flows where there 
are unequal amounts of two'fluids, the predominant fluid should be 
modeled as the primary fluid, since the sparser fluid is more likely to 
form droplets or bubbles. The exchange coefficient for these types 
of bubbly liquid-liquid or gas-liquid mixtures is [13]:
Tsr  — ^ n  apPq\^p
pq ~  4 . d„
'ILr) (19.9-15)
where pq is the density of the primary phase g, dp is the droplet or 
bubble diameter of the secondary phase p, \up — uq\ is the relative 
phase velocity, and Cp is a drag, function based on the relative 
Reynolds number. '
The drag function is obtained from
Cd =  1 -  (l + 0.15iJe°'68T)
Re
(19.9-16)
for Re <  1000, and Co =  0.44 for Re > 1000, where the relative 
Reynolds number for the primary phase q and secondary phase p is 
obtained from
Re = ^ 51 dp
Pq
(19.9-17)
The exchange coefficient for secondary phases p  and r is assumed 
to be symmetric, with the following form:
K tr p  —  D
prp (Ur Up j
dL.
(19.9-18)
rp
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where pTp =  appp -\-arpr is the mixture density of th^tWb' Se'corraary— 
phases, drp =  |  (dr +  dp) is the averaged particle diameter, and 
\up — ur | is the relative velocity. The drag coefficient is obtained 
from Equation 19.9-16 but with a relative Reynolds number of the 
form
R e = pTp^  gp|drp " (19.9-19)
P rp
where p rp =  appp +  a rpr is the mixture viscosity of the phases p 
and r.
These exchange coefficients are suited- for the bubbly or droplet 
flow regimes, in which the primary phase dominates. Application 
of Equations 19.9-15 and 19.9-18 to slug or annular regimes, for 
example, reduces the accuracy of Eulerian multiphase simulations. 
The exchange coefficients can be customized via user-defined sub­
routines.
14.3 Velocity Inlet Boundary Conditions
Velocity inlet boundary conditions are used to define the flow ve­
locity, along with all relevant scalar properties of the flow, at flow 
inlets. In special instances, inlet cells riiay be used to define the flow 
velocity (but not the scalar properties) at flow exits. This section 
contains the following subsections:
• Section 14.3.1: Inputs at Velocity Inlet Boundaries
• Section 14.3.2: Default Settings at Velocity Inlet Boundaries
• Section 14.3.3: Non-Uniform Boundary Conditions at Velocity 
Inlet Boundaries
• Section 14.3.4: Input of Turbulence Parameters
• Section 14.3.5: Radiation Boundary Condition Inputs at In­
lets
• Section 14.3.6: Species Boundary Condition Inputs at Inlets
• Section 14.3'.7: FLUENT’s Calculation Procedure at Velocity 
Inlet Boundaries
14.3.1 In p u ts  a t V elocity In le t B oundaries
Sum m ary At a flow inlet, velocity magnitudes for all velocity components are 
defined. In addition, appropriate scalar quantities are requested as 
input, depending upon the problem scope defined using the Models 
panel or the DEFINE-MODELS text menu. Thus your inputs may 
include:
• Cartesian (or, optionally, normal, tangential, cylindrical-polar, 
or angular) velocity components
• Mass flux (for compressible flows only)
• Turbulence intensity/length scale
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• Temperature (total temperature for compressible flow)
• Chemical species mass fractions (or mole fractions)
• Static pressure (supersonic inflow boundaries only)
These input requirements and available input methods for each are 
summarized in Table 14.3.1.
Table 14.3.1: Input Options at Velocity Inlet Boundaries
B o u n d ary  Condition
A vailable In p u t M ethod
BOUNDARY CONDITIONS 
M enu or Boundary 
Conditions P anel
Profiles
PATCH ‘ 
C om m and
Cartesian Velocity Components X X X
Cylindrical-Polar Velocity Components x X X
Normal Velocity Component X X X
Tangential Velocity Components • - X
Angular Velocity - - X
Turbulence Intensity/Length Scale x - - '
Turbulence Parameters (fc,e) x X X
Temperature (T or T0) X X (T, not T0)
Chemical Species Mass Fraction X X X
Static Pressure (for supersonic inflow 
only)
X X X
Mass Flux (for compressible flows only) X . . X -
V elocity  In p u t Cartesian velocity components are velocity components along the 
O ptions Cartesian coordinate directions (x, y, z) used in the geometry or 
grid definition. Cartesian velocity components can be defined us­
ing the Velocity Components option (in the Type drop-down list) in 
the Velocity Inlet Boundary Conditions panel or the U,V,W-VELOCITY 
commands in the BOUNDARY-CONDITIONS menu, or via the PATCH 
command. They are referred to as the u-velocity, u-velocity, and 
ru-velocity inputs. Alternately, you can input cylindrical-polar ve­
locity components if you enable the use of cylindrical velocities in 
the Models panel or the DEFINE-MODELS inenu. In this case, the u 
velocity is interpreted as the axial velocity, the v velocity is inter­
preted as the radial velocity, and the w velocity is interpreted as 
the circumferential velocity. The use of cylindrical-polar velocities 
is detailed in Section 6.2.
Normal velocities (velocities perpendicular to the (I,J,K) direction 
grid lines) can be set using the Normal Velocity option (in the Type 
drop-down list) in the Velocity Inlet Boundary Conditions panel or the 
NORMAL-VELOCITY text command. Tangential velocity components 
(velocity components along the (I,J,K) direction grid lines) can be 
defined by using the PATCH command (see below). Angular velocity 
(radians/second) can also be defined using the PATCH command in 
rotating or swirling flows, as detailed below. Finally, Cartesian 
or cylindrical velocities may be input based on a local coordinate 
system using the procedures detailed in Section 14.15.
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APPENDIX I: HAGUE J., TA C.T., BIGGS M.J. (1999).
Small-scale models for validation of CFD in water applications. In: 
Water industry systems: modelling and optimization applications, Vol. 
1, ed.s Savic D.A. and Walters G.A. Research Studies Press Ltd ISBN 
0863802486,125-139.
Abstract
The Computational Fluid Dynamics (CFD) technique has been applied in the water 
industry to obtain flow characteristics. Many treatment processes have been analysed 
for process understanding, troubleshooting, optimisation and scale up. However, for 
the technique to be accepted as an engineering design tool, experimental validations 
are required.
This paper discusses an experimental programme to carry out accurate measurements 
of flow velocity in models representing the flow conditions of various treatment 
processes. Laboratory-scale Perspex models have been employed for this purpose to 
allow the use of current advances in laser techniques for flow measurement. This is in 
addition to standard methods o f flow measurement e.g. dye and chemical tracer 
testing.
The steady flow in a baffled tank is studied as in the dissolved air flotation tank 
(DAF) and the hydraulic flocculator. For single phase, the dye and tracer method is 
the standard procedures and in addition laser Doppler velocimetry (LDV) 
measurement has been carried out. The steady flow in a model of the rotating blade 
flocculator is measured using LDV technique to validate the use o f the sliding mesh 
method in CFD calculation. The flow in the model of the service reservoir is 
measured using particle imaging velocimetry (PIV) to validate the use o f the 
deforming mesh technique in simulating the fill /discharge flow condition. 
Appropriate model has also been built to demonstrate the optimised CFD results. 
Experimental demonstration o f CFD is particularly crucial in the case of multiphase 
flow, where intuitive understanding of the flow behaviour is limited. The applicability 
o f both LDV and PIV techniques is assessed by making flow measurements on a 
Perspex model. In particular the measurement of the two phase air/water flow in a 
DAF tank is currently studied. The unsteady flow due to top water variation is 
simulated using the volume o f fluid method and flow measurements are made using 
the PIV technique.
COMPUTATIONAL FLUID DYNAMICS (CFD)
The technique of CFD is well-established in many industrial fields as a powerful 
investigative tool. Traditionally the capital cost o f CFD systems has been the major 
factor in limiting its use to within high-technology, high-added-value spheres of 
business such as aerospace and nuclear energy production. However the water 
treatment and supply industry is an emerging user o f CFD technology. It is the 
adaptable nature of CFD models which allows the analysis of a wide range o f water 
treatment and supply applications (Ta, 1999a). Hence CFD analysis within the water 
industry can offer broad-range solutions which justify the costs of the procedure.
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The technique of CFD uses the computational power o f modem CPU’s to derive 
iterative solutions to the non-linear Navier-Stokes equations o f fluid mechanics. The 
way that CFD tackles complex flow problems is to create a mathematical construct 
which corresponds to the flow space, and to define a network o f nodes/cells within 
that space. The variables which define the flow field e.g. velocity, pressure, 
temperature, phase composition (for multiphase models), viscosity (non-Newtonian 
fluid) and density (for non-isothermal models and compressible fluids) are each 
assigned a value at each of these nodes. Certain source terms and boundary conditions 
are applied which characterise the system. A number of constitutive equations are 
defined which must be satisfied in order that mass and energy are conserved and that 
there is a momentum-force balance within the system. An iterative approach is used in 
order to converge to a solution under the specified conditions.
CFD model
The accuracy of CFD simulations is determined by three main factors. These are 
discussed below.
■ Grid cell size This defines the smallest individual feature that can be 
modelled within the grid-based network. It is important to tailor the CFD 
model to the process, based on understanding of the process hydrodynamics. 
In this way one can resolve the level of detail that is required.
■ Boundary conditions and closure relationships These define the 
framework of the CFD model. Processes of water treatment generally start and 
end with a hydraulic break which must be identified before setting up the 
model. In the calculation of flow distribution, the hydraulic breaks are used to 
set-up the pressure boundary condition at the outlet. Almost all water 
treatment processes are of the open-channel flow type. The upper boundary is 
normally specified as a frictionless wall. However further complications arise 
when modelling a multiphase free surface. For example in the case of 
modelling bubbles in water, the top wall must act as a sink to remove air from 
the free surface.
■ Convergence The CFD iteration must converge for both mass and 
momentum. Typical convergence residuals are less than 0.001 (corresponding 
SI unit). The authors found further that the convergence curve must be smooth 
throughout, a condition which is particularly important in multiphase 
applications (Ta and Brignal, 1997).
Application
The attraction o f CFD is that it not only can compute detailed flow maps o f a 
particular process, but also that it can easily be adapted to take into account other 
factors. Examples are modified geometry, temperature fluctuations and countless 
other changes in the basic process under investigation.
In the utilities businesses, the CFD technique is used for trouble-shooting: to 
investigate the failure of certain processes to meet their target performance. An 
attraction o f the technique is its non-intrusive nature, hence disruption to services is 
minimised. The technique is also used in the evaluation of remedial options in this 
respect, providing input at the planning stage before committing to major investment 
(Ta and Brignal, 1998. Salter et al, 1999).
For contractors, the CFD technique is used in flow distribution calculations where the 
objective is to deliver flow with the minimum of head loss. This application alone can
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easily justify the investment cost o f a CFD system. In process design, CFD is 
employed at the preliminary stage to short-list potential designs and aid the decision­
making process, hence reducing costs (Ta and Brignal, 1997). The technique of CFD 
is also employed for scale-up purposes of water-treatment processes.
EXPERIMENTS
For engineering applications, it is generally accepted that all mathematical models 
must be verified or at least demonstrated to be acceptable. Simulations by CFD 
models are no exception. This is particularly crucial in multiphase systems, where 
intuitive understanding of this flow behaviour is limited. Verification experiments are 
grouped into traditional and current approaches, and are discussed below.
Traditional approach
Results of CFD can be compared with measurements obtained from process 
performance studies, carried out on full-size or pilot-plant installations. The emphasis 
of these experiments is to obtain process performance data, such as removal efficiency 
and residence time distribution. However the spatial detail o f the flow patterns within 
the process are not measured. It is difficult to produce detailed flow maps within full- 
size and/or pilot-plant installations. The reasons for this are that access to the flow 
field is restricted and the use o f non-invasive laser techniques is not feasible. 
Chemical tracer testing and acoustic Doppler velocimetry (ADV) are discussed below.
Chemical tracer testing
Chemical tracer testing is a standard technique in the water industry. In waste water 
treatment, radioactive tracers have also been used for the same purpose (Manuals, 
1980). The tracer is a slug of a specific chemical in solution, and is added at a 
particular point in the fluid flow field. Samples o f the fluid are taken at point(s) in 
space and time, and the concentration o f the chemical is determined for each sample. 
The data that they provide can be used to determine process parameters such as 
average residence time and its variance.
If we consider a small volume element of the added chemical tracer, then the time 
taken for that volume element to flow through the system to the detector (the 
residence time) will depend on the route taken. The residence time distribution 
(RTD), deriving from multitudes o f such small volume elements, therefore provides 
information about the flow patterns in the system. This is essential information for 
current engineering design. Furthermore from the RTD curve, the age profile o f the 
exit water is calculated by summing the water volume for each time interval. This 
information is applied to quantify the effluent water quality (Ta, 1998. Salter et al., 
1999).
Acoustic Doppler Velocimetry (ADV)
This equipment consists of an acoustic sensor (mounted onto the probe unit), a signal 
conditioning module and signal processor. The sensor has three acoustic receivers and 
a centrally mounted transmitter. The reliability of the data from ADV analysis is 
generally represented in terms of the correlation factor (Lohrmann et al., 1994). This 
refers to the correlation between the signals received by each of the three acoustic 
sensors. The focal point is designed to be constant, however it is still possible to test
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at a range of known depths within the fluid. This is due to the fact that the probe unit 
is submersible.
The sample volume is a cylindrical volume within the flow field that surrounds the 
focal point of the acoustic signal. This sample volume is typically 5-6mm in diameter 
and 8-10mm in height, although the height of the cylinder can be reduced (to enhance 
resolution) by confining the extracted signal to within the central l-2mm zone. The 
transmitter and receivers must all be in contact with the fluid that is being measured. 
This is essential in order to propagate the necessary acoustic signals.
This technique has been used in the measurement of flow velocity within full-size 
DAF tanks (Adlan et al., 1997. Eades and Beckley, 1998) and full-size flocculators 
(Ta et al., 1996).
Issues o f  scale
To achieve similarity between the experimental model and the full size installation on 
which it is based, both the geometry and the dominant forces must be taken into 
account. Common forces that are experienced within the flow field of water treatment 
processes are shown in Table 1, along with their associated dimensionless constants.
It is not feasible for any one given experimental arrangement to offer complete parity 
between the forces in the experimental model and those in the full-size installation. 
One given set o f experiments may allow only one of the governing dimensionless 
numbers to be maintained constant between model and full-size tank.
The objective of the small-scale models on the other hand is not to achieve scaling of 
the process. Rather it is that the laboratory model is qualitatively comparable to the 
full-scale process, while allowing the experimental freedom to carry out rigorous 
verification of CFD models. The CFD model itself is then scaled-up in order that it is 
applicable to the full-scale process.
T a b le  1 - D im e n s io n le ss  c o n s ta n ts  a n d  a s so c ia te d  fo rce s .
In e rtia l fo rce u 2 A  p
G ra v ita tio n a l fo rce g  A  h p
B u o y a n c y  fo rce g V ( P i - P j )
V isc o u s  fo rce p  u  A
y
S u rfa c e  te n s io n  fo rce g d b
F ro u d e  n u m b e r  (F r) u 2
ra tio  o f  in e r tia l /  g ra v ita tio n a l fo rce s g h
R e y n o ld s  n u m b e r  (R e ) p u d
ra tio  o f  in e r tia l/  v isc o u s  fo rce s U
W e b e r  n u m b e r  (W e) u i p i d
ra tio  o f  in e r tia l /  su rfa ce  te n s io n  fo rce s G
p i j  = density o f phase i,j, u = velocity, A = cross-sectional area, g = acceleration of 
free-fall, h -  depth of liquid, \i -  viscosity of liquid, y = characteristic shear 
dimension, <j = surface tension of water, db = bubble diameter (relevant to the DAF 
process)
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Current approach
The current approach puts emphasis on direct measurement o f the velocity vectors 
within the flow field, so that it can be compared directly with CFD simulations. It 
involves the design of functional models of the process under investigation. The 
models are designed to be representative of the real process, while at the same time 
being of a laboratory-scale and allowing as much freedom as possible with regard to 
the types o f flow measurement techniques that can be used.
The chemical tracer technique is still available for flow evaluation in the laboratory 
models. In addition optical techniques can be used, which rely on the flow field being 
penetrable by light. The optical techniques that can be used are dye tracer testing, 
laser Doppler velocimetry (LDV) and particle imaging velocimetry (PIV). The 
chemical tracer, dye tracer and LDV techniques are suitable for the measurement of 
steady-state flow conditions. The PIV technique is equally applicable to the 
measurement of time-dependent flow.
Dye tracer testing
This involves the simple injection of a visible dye into the flow field. The advantage 
of dye-marker tracing is that the flow patterns can thus be readily visualised and can 
be recorded with the use of camera or video equipment. However the data derived 
from this technique may be difficult to quantify, as only the projection of the flow 
field onto a plane is recorded. This data is appropriate for systems which can be 
reduced to 2-D approximations because of symmetry in the third dimension.
Tracking the passage of the tracer material determines the instantaneous velocity 
field. The specific gravity of the tracer material is however likely to be greater than 
that of water. Therefore a significant component o f the recorded velocity will be 
attributable to a gravitational body force rather than the velocity o f the surrounding 
fluid. To render the tracer material neutrally-buoyant, either its density must be 
changed or the density o f the fluid must be changed, e.g. by mixing an appropriate 
quantity of salt into the water. This is only feasible if  the initial densities o f the fluid 
and tracer material differ by less than around 3%. On the other hand, tracks of 
particles of known specific gravity can be compared directly with the CFD simulation.
Laser-Doppler Velocimetry (LDV)
This broad description comprises a host o f techniques (Durst et al., 1976). The 
common factor between them is that they all rely on the measurable ffequency-shift o f 
an optical light source. Because the wavelength of light is orders o f magnitude shorter 
than the wavelength of the acoustic waves used in ADV, the laser technique has a 
significantly higher resolution. Beams of coherent light are brought to a focus within 
the flowing fluid. The light is scattered from minute particles (10-30pm), "scattering 
centres" within the fluid. These may be naturally occurring (dust-particles, silt, etc.) or 
may have been deliberately added (known as 'seeding' the flow). The frequency o f the 
scattered light is Doppler-shifted according to the velocity of the scattering particles, 
and it is thus that the particle velocity is measured.
In order to differentiate the very small Doppler shift that would be expected from 
flowing water systems ( v « c  where v = velocity of fluid, c = velocity o f light), the 
illuminating beam must be split into two identical beams which are brought to a focus 
within the fluid. Interference fringes are produced within the sample volume, which
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then interact with passing particles to produce a Doppler-shifted signal. The beat 
frequency of the Doppler signal is used to determine the fluid velocity. Only one 
component of the fluid velocity can be measured by any one beam at any one time. 
The beam orientation is then changed in order to measure other components o f the 
fluid velocity. Complex LDV systems do exist which can focus two or even three 
individual beam pairs onto a single measurement volume and in this way obtain 
simultaneous 2D and 3D velocity measurement. However for steady flow situations it 
is often sufficient (and less expensive in terms of equipment cost) to carry out a 
number of separate, single-beam experiments.
The LDV technique has the advantage that it is non-invasive. It also has a very fast 
response time to changes in flow velocity, making it an ideal tool for the measurement 
of turbulent flow fields. These factors, coupled with its high resolution, make it a very 
useful technique in the verification o f CFD models.
Particle Imaging Velocimetry (PIV)
In the late 1980s, PIV emerged as a powerful fluid dynamics measurement tool for 
obtaining instantaneous whole-field velocity data. The PIV technique was of 
sufficient maturity by the mid-1990s for commercial PIV systems to be developed. 
PIV offers a means o f simultaneous evaluation of 2D velocity fields. This is the main 
difference between PIV and point-measurement tools, such as LDV.
Another important difference is that PIV, as its name suggests, produces a live image 
of the seeding particles as they follow the flow. As in the case of LDV, the PIV 
technique relies on a laser optic probe. However in the case of the PIV laser 
configuration, the beam is pulsed through a cylindrical lens at a very high frequency 
in order to produce a sheet of light within the sample volume. The measured response 
is that of particles traversing the light sheet. In doing so they give rise to a scattering 
of the light, which produces an image of the particle at right angles to the sheet. This 
image is then recorded by a high-speed, digital video camera, either on film or as data. 
Two 2D images of the flow field are obtained, with a very short time lapse of known 
duration between them (a typical time step would be 1ms). These are used to calculate 
2D velocity vectors at each point where a particle has passed. After several hundred 
frames a full 2D map o f the velocity vectors is produced for that sample zone. The 
response time to fluctuations in velocity at particular points within the flow may be 
slower for PIV than for LDV, making it perhaps less suitable for detailed analysis of 
turbulence.
Seeding o f the flow field is usually required in order to produce an abundance of 
scattering sites. In order that the particles can be successfully imaged, they do have to 
be o f a certain size which is generally larger than is required by LDV. An appropriate 
seeding material for PIV analysis o f flowing water would be powdered polyethylene 
or hollow, reflective, polymeric spheres. However small bubbles within the water, as 
in the case of DAF, should also work well (Brucker, 1995).
A variation on the standard PIV system is the-scanning PIV system (SPIV). This 
utilises an assembly o f a rotating mirror and a cylindrical lens, positioned in front of 
the laser optics. An array of discrete, parallel laser sheets is produced, each separated 
from its neighbours by a small, fixed distance. Each of the individual laser sheets is 
produced exclusively and in a sequence that is determined by the rotating mirror. 
Likewise the scattering from each o f the sheets is recorded independently by the high­
speed camera. This arrangement allows the measurement of 3D flow field.
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CURRENT FOCUS
A number o f water treatment processes are currently under investigation by CFD 
modelling. Small-scale models are playing and will continue to play a vital role in the 
verification o f such CFD models. Details of these focus areas are given in the 
following sections.
Raw water reservoir
Water that is abstracted from rivers is often stored in reservoirs, prior to being fed into 
the water treatment works. The hydrodynamics o f the process was studied using scale 
models that were mounted on a rotating table in order to simulate the Coriolis effect 
(Robinson, 1979). Models o f Thames Valley reservoirs were built with various 
dimensions. The largest model measured 10m x 6m x 0.4m and the smallest 2m x 3m 
x 0.4m (length x width x depth).
Measurements were carried out using a dye tracer technique and photography o f a 
buoyant object on the surface of the model. While the data may or may not apply to 
full-size reservoirs because o f scaling issues, they are readily used for the validation 
of CFD models.
Raw water reservoirs represent a horizontal flow system. Studies are applicable to 
other processes including waste water ponds (Salter et al., 1999) and disinfection 
tanks. Short-circuiting and dead zones are main concerns, and can be remedied using 
baffles or columns.
The aeration o f reservoirs is a current focus o f study. This is carried out by injecting 
air bubbles into a reservoir model. Measurements o f the flow field induced by the 
bubbles are obtained using the PIV technique. Bubbles used for the aeration process 
are larger than 0.1mm. This bubbling system is similar to that o f the ozonation 
process.
Hydraulic Flocculator
A hydraulic flocculator consists of a rectangular tank with flow under and over 
baffles, or flow around the baffles. This flow regime is also seen in ozone and 
dissolved air flotation tanks.
Figure 1 shows the Perspex model o f a hydraulic flocculator, which was used for 
verification experiments where the LDV flow measurement technique was used. The 
dimensions o f the model are 0.9m x 0.4m x 0.6m (length x width x height).
The important flow feature was identified as the vertical flow circulation. This causes 
short-circuiting in the tank. The vertical flow circulation was predicted by a CFD 
model where the free-surface was approximated by a frictionless fixed wall, and was 
compared with the results o f LDV verification experiments (Figure 2). The agreement 
between the CFD simulation and the experimental results was found to be reasonable 
(within 10% throughout), justifying the approximation for the free-surface boundary.
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laser source weirs
F ig u r e  1 - Hydraulic flocculator model showing direction of flow. LDV 
apparatus is set up to the left o f the picture.
F ig u r e  2 - LDV results showing the flow patterns within the hydraulic 
flocculator.
Rotating paddle flocculator
A Perspex model o f a rotating paddle flocculator was designed and constructed, and is 
shown in Figure 3. The dimensions of the model are 0.7m x 0.4m x 0.55m (length x 
width x height). The inlet is shown at the bottom on one end of the tank. The water 
then flows from the inlet, over the first baffle and feeds into the main, central tank. In 
the central tank, shear stress is generated in the body of water by the rotating paddles. 
Flow out of the central tank occurs under a baffle, and the water then continues to 
flow over a final outlet weir which marks the end of the process.
The CFD simulation of this process makes use of the sliding mesh technique. 
Comparison between the measured and CFD simulated results is in progress. This 
CFD model is also used for mixing processes.
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Flow over weir Flow over weir
Inlet Rotating Flow under Outlet
paddle weir
F ig u r e  3 - M o d e l o f  ro ta tin g  p a d d le  f lo c c u la to r , sh o w in g  m a in  f lo w  
fe a tu re s
Co-current dissolved-air flotation (DAF)
Dissolved air flotation (DAF) is widely used in the clarification o f potable water 
supplies. The bubbles which are used in the process are produced by means of air- 
saturated water (typically 4-7 bar gauge pressure). The typical average diameter of 
bubbles formed in this way is between 30pm and 70pm. These fine bubbles then 
attach to the surface of particles, lifting them out of the bulk fluid towards an upper, 
free surface where they can be collected.
A Perspex model o f a DAF tank has been built. The dimensions of the model are 
0.75m x 0.3m x 0.5m (length x width x height). For the single-phase model, no 
dissolved air is fed to the model, i.e. only water flows through the model. The flow 
regime is similar in some respects to that in the hydraulic flocculator. Figure 4 shows 
a dye tracer test in progress.
mmm
F ig u r e  4 - M o d e l D A F  ta n k  sh o w in g  re -c irc u la tio n  c u rre n ts , v isu a lise d  b y  
d y e  tr a c e r  te s tin g
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The next step is to investigate the flow in the two-phase (water/air) configuration. 
Figure 5 shows the cloud of air bubbles generated by the model during two-phase 
flow. The applicability of both LDV and PIV techniques is currently being assessed 
for two-phase flow measurement in the DAF model.
bafflesn o z z le s  (x 3 )b a ffle s
F ig u r e  5 - B u b b le  c lo u d  in  D A F  ta n k  d u rin g  tw o -p h a se  f lo w  e x p e rim e n t.
Computer modelling of DAF tank flow behaviour is limited. A number of 
computational fluid dynamics (CFD) models have been presented in the literature, 
either for single-phase flow (Ta and Brignall, 1997) or two-phase flow (Ta et al., 
1996. Fawcett, 1997). Some verification experiments in the form of dye visualisation 
experiments, underwater camera imaging and ADV measurements, were carried out 
by Ta and Brignall (1997) and Ta et al. (1996).
Service reservoir
Service reservoirs are used to store clean water in the distribution network. The aim is 
to maintain adequate pressure downstream and to maintain a supply for emergency 
use. The reservoir is normally filled during the night-time and emptied during the day­
time. Because o f the dynamic change of the water level, the flow is time-dependent. 
The effect of the variation is modelled using either the multiphase volume-of-fluid 
(VOF) method or the single phase deforming mesh technique (Ta, 1998). This model 
is also used for storm tanks (Ta, 1999b).
Figure 6 shows a still from a recording of dye tracer testing during the discharge 
cycle. The 2-D velocity vectors that were calculated from this work are shown in 
Figure 7. The PIV technique was also used to provide similar information on flow 
vectors around the outlet. The arrangement of the PIV equipment is shown in Figure 
8, and a typical image of the seeding particles is shown in Figure 9.
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Figure 6 - D y e  tr a c e r  te s t  in  p ro g re s s  w ith in  se rv ice  re se rv o ir  m o d e l d u rin g  
d ra in in g .___________________________________________________________
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Figure 7 - V e lo c ity  v e c to rs  c a lc u la te d  fro m  d y e - tra c e r  te s tin g . N B : no  
m e a su re m e n ts  c o u ld  b e  m ad e  in  c lo se  p ro x im ity  to  th e  o u tle t  (p o s itio n  10 o n  x - 
ax is ) d u e  to  th e  re sp o n se  tim e  o f  th e  cam era .
camera
Figure 8 - A rra n g e m e n t o f  la s e r  a n d  c a m e ra  fo r  PIV f lo w  m e a su re m e n t o n  
se rv ice  re se rv o ir  m o d e l.
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F ig u r e  9  - A  s till  ta k e n  f ro m  P IV  m e a su re m e n ts  o f  se e d in g  p a r tic le s  w ith in  
th e  f lo w  o f  th e  se rv ic e  re s e rv o ir  m o d e l. T h e  im a g e  h a s  b e e n  in v e r te d , sh o w in g  
th e  p a r tic le s  a s  d a rk  sp o ts .
CONCLUSIONS
The use of CFD as a design tool requires experimental validation in order to build 
confidence in the technique. This is especially true when the technique is breaking 
new ground, where the base of knowledge and experience is limited, as is the case in 
many water treatment and supply processes. The development of CFD models goes 
hand-in-hand therefore with detailed, accurate measurements of flow velocity within 
the process o f interest.
The measurement o f flow velocity fields is itself a huge challenge in most processes; 
each technique o f flow measurement has its strengths and weaknesses and very rarely 
can all the required data be extracted by means o f one technique alone. There are 
severe limitations, both technological and practical, on the range of flow 
measurements that can be made on full-size installations. The situation is less 
restrictive for transparent, laboratory models o f treatment processes, where optical 
techniques o f flow measurement can be used.
Specific verification experiments were given for five treatment processes: storage in a 
raw water reservoir, hydraulic flocculation, rotating paddle flocculation, dissolved air 
flotation (DAF) and service reservoir. These have been chosen to cover a number of 
CFD modelling techniques which are also applied to other processes. The three 
generic applications of CFD are steady flow (including horizontal and vertical flow as 
well as mixing), unsteady flow and two-phase bubbly flow.
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Experimental and modelling study of two-phase (air/water) flow in 
dissolved air flotation (DAF) tanks. Proc. EngD Conference, 
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Abstract
D issolved air flotation (DAF) is a water treatment process that finds an application in 
the high-rate clarification o f  p o ta b le ' water. There are two well-documented 
environmental benefits o f  DAF. The first is that the process unit has a smaller 
foo tprin t’, and the second is that lower dosages o f  coagulants and flocculants are 
typically required, compared with an equivalent sedimentation process. However the 
use o f  pressurised, air-saturated water (in order to create the required air bubbles) 
has additional environmental impact in terms o f  energy and resource use. 
Comparative environmental impacts o f  DAF and other alternative methods o f  high- 
rate clarification are discussed.
This project has two technical objectives: to develop a generic mathematical model o f  
the DAF process, and also to validate the model by use o f  appropriate flow  
measurement techniques. A commercial computational flu id  dynamics (CFD) code is 
being used as the basis o f  the mathematical model. An optically-transparent, 
laboratory-scale model o f  a DAF tank is used fo r  model validation. This allows the 
use o f  non-intrusive flow  measurement by laser techniques. Work is presented on the 
validation o f  single-phase DAF by laser Doppler velocimetry (LDV).
The introduction o f  the second phase (air bubbles) and turbulence to the
mathematical model o f  DAF is a novel area o f  research, and the implications o f  these 
two factors on the model are discussed.
Key words: CFD, DAF, environmental impact, LDV, turbulence, two-phase 
Introduction
All potable water supplies receive water treatment prior to supply to the
domestic/residential or commercial premises. To give an idea of the scale of 
operations, Thames Water is responsible for supplying an average of 159 litres of 
potable water per person per day in the UK. The extent o f treatment required for water 
will vary depending upon the type and concentrations of contaminants in the 
abstracted water. Contaminants found in abstracted water may be particulate or 
dispersed in solution. Particulate contaminants include silt, humic matter, algae and 
other microorganisms and natural colour. Dispersed contaminants include inorganic 
minerals (nitrates, phosphates, etc.) and organic contaminants (including pesticide and 
herbicide residues). Other contaminants may also be produced as a result o f the 
disinfection process during water treatment, including trihalomethane (THM)
compounds. The Drinking Water Inspectorate (DWI) imposes limits on the
permissible concentrations o f all such contaminants in potable water supplies, and 
considerable fines are imposed on water companies for non-compliance.
When the concentration o f particulate matter in water is high, it becomes essential to 
reduce it prior to filtration. There are several available technologies to perform this 
task of ‘primary clarification’, the main ones being sludge blanket clarification, solids 
re-circulation clarification, horizontal settlement clarification and dissolved air 
flotation (Stevenson, 1997). The first three of these processes rely on settling 
(sedimentation) of particulate matter into a sludge layer, leaving relatively clear water
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flowing over the sludge layer. These processes work well in cases where the 
predominant particulate matter is relatively dense, e.g. silt and clay, and where the 
process rate is quite low. The process rate is expressed as surface loading rate (SLR), 
which is given as follows:
Surface loading rate (SLR) = volumetric flow rate / characteristic area.
The practical limit of surface loading for settlement-based clarification is typically 4- 
5m/hr. However in those cases where the particulate matter is of low-density, e.g. 
algae, natural colour and organic contaminants, the settling rate of these particles is 
very low. This further limits the rate of clarification performed by these methods 
under conditions where the low-density particle concentration is high, such as algae 
blooms. In such situations the use of a flotation rather than a sedimentation 
technology is more process-efficient and allows a higher surface loading to be 
achieved (typically 10-20m/hr). The established flotation technology for primary 
clarification of potable water is dissolved air flotation (DAF). DAF is ideally suited to 
the flotation of low-density materials (Edzwald et al., 1995), colour particles (oxides 
of iron, manganese and others), organic liquids and volatile organic compounds 
(VOC's).
Dissolved air flotation (DAF)
The DAF process is a method of phase separation, which is used in both the treatment 
o f potable water and wastewater (Zabel and Melbourne, 1980). It has become 
established as a primary clarification treatment for potable water, mainly in the United 
Kingdom, South Africa, and Finland, and increasingly in the United States. The 
technique is an alternative to sedimentation clarification, and of the 300 or so water 
treatment plants in the UK that use primary clarification (rather than, direct filtration), 
there are somewhere between 100 and 130 which use DAF technology (WRC, 1999). 
A simplified flow chart o f the water treatment process at a typical treatment works is 
shown in Figure 1.
Raw Water
Filtration
Final disinfection
Ozone and/or activated 
Carbon treatment
pH Correction 
and flocculation
DAF Other clarification, 
e.g. sedimentation
Supply to Customers 
Figure 1: Simplified water treatment chain for potable water
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The principle o f DAF is that finely-dispersed air bubbles (typically < 100pm with a 
median size of 40-50pm) are released from a stream of pressurised, air-saturated 
water. Bubble-particle attachment occurs in the contact zone, and the particles are 
thus lifted with the bubbles, by virtue of their buoyancy, to the open surface of the 
DAF tank (the flotation zone) where they form a frothy sludge and where clean water 
may then be removed to the filter beds. A diagram of a DAF tank is shown in Figure 
2 .
Figure 2 -  Cross-section o f a DAF tank
Modelling of DAF and model verification
Modelling studies have been carried out on the DAF process to establish optimum 
performance criteria. An example o f this is the collision efficiency factor model by 
Edzwald (1997), based on filtration theory developed by O’Melia (1985). This model 
makes the assumption that flow is perfectly laminar. Fluid mechanics theory and 
visual observation (where possible) show this not to be the case however. Large 
eddies form within the contact zone due to differentials in fluid velocity across it. A 
similar phenomenon gives rise to the re-circulation in the flotation zone.
The flow would also be generally turbulent in the contact zone (typical Reynolds 
number, Re = 2-5 x 104). Fukushi et al. (1998) proposed a model introducing 
homogeneous turbulence to predict the kinetics o f particle-bubble attachment. 
However this model did not take account of possible detachment of floc-bubble 
groups due to high velocity gradients as found in both the contact and flotation zones. 
Several empirical studies have been carried out to establish flow regimes in the 
flotation zone (O’Neill et al., 1997. Eades and Beckley, 1998). These studies were 
carried out on either pilot or full-scale plant where the scope for changes to 
operational variables was limited. Their results are locally but not generally 
applicable.
So far there has been limited application of computational fluid dynamics (CFD) 
modelling to the DAF process (Ta et al., 1996. Fawcett, 1997). The attraction of CFD 
is that it can not only can compute detailed flow maps of a particular process, but can 
also be adapted to take other factors into account. Examples o f such factors are 
modified geometry, temperature and flow fluctuations (including turbulence) and 
multi-phase systems, all o f which are relevant to the DAF process.
For the purposes of model verification, it is difficult to obtain flow data from full-size, 
commercial DAF tanks. Therefore a small-scale DAF model has been constructed 
allowing non-intrusive, high-resolution flow data to be obtained. This small-scale 
experimental tank is shown in Figure 3.
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Figure 3 - Experimental DAF tank showing ink trace for flow visualisation in single­
phase mode
The tank is fully-transparent, allowing the use of optical flow measurement 
techniques such as dye-trace, laser Doppler velocimetry (LDV) and particle-imaging 
velocimetry (PIV). The conventional technique o f chemical tracer testing can also be 
used to good effect to determine the spectrum of retention time (Figure 4).
10
9
Secondary peak due to 
re-circulation8
S 3
2
0
0 5 10 15
Time (mins)
Figure 4 - Chemical trace test o f the DAF tank (flow rate = 20 1pm) using sodium 
fluoride as tracer
These techniques all have the major advantage that they are non-intrusive (they do not 
physically perturb the flow within the tank during measurement). Preliminary LDV 
measurements have been carried out using a back-scattered LDV to establish how 
applicable this technique is to the experimental DAF tank.
Laser Doppler velocimetry (LDV)
The LDV technique relies on twin laser beams focused to a desired point within the 
flow field. Minute particles are suspended in the flow, and these pass periodically 
through the intersection volume of the two laser beams. The result is a characteristic 
interference signal, emitted from the surface of the particles and received by a photo­
multiplier. In the case of back-scattered LDV, the photo-multiplier is housed in the 
same unit as the laser source. The interference pattern is Doppler-shifted by the 
particle motion. The degree of Doppler shift is a function of one of the vector 
component of the particle velocity. This vector component is at right angles to the
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bisector of the two laser beams and also shares a common plane with the laser beams. 
The Doppler-shifted interference signal is known as a ‘Doppler burst’ and an example 
is shown in Figure 5.
Figure 5 - Doppler burst signal used to determine particle velocity
The beat frequency of this Doppler burst can then be used to calculate the particle 
velocity using the relationship below:
^ _  2u sin cp 
"  X
where f  = beat frequency of the Doppler burst, (p = half intersection angle of the two 
laser beams, X =  wavelength of the laser light and u = measured vector component of 
particle velocity.
By changing the orientation of the laser, all the x, y and z Cartesian co-ordinates of 
particle velocity may be determined (for a flow which is non-time-dependent). A 2D 
representation of flow vectors in the flotation zone is shown in Figure 6.
\^atgrle\£l
out
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Figure 6 - Flow velocity data from single phase flow in 
DAF tank
This is for the case of single-phase flow and was determined using LDV. The LDV 
technique seems to be broadly capable of consistent flow measurement under both 
single-phase and two-phase (water & air) conditions. However if  the concentration of 
particles in solution is too high or too low, in a particular part of the tank, then the 
signal acquisition rate is found to deteriorate, as predicted by Durst et al. (1976).
CFD model of DAF
A 3D mesh is currently being constructed for the CFD model of DAF. A preliminary 
2D model using FLUENT CFD code shows flow patterns similar to those measured 
using LDV. This is encouraging for future work.
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When two flowing phases are mixed there is momentum transfer between unlike 
phases. This differs from the momentum transfer within a single-phase due to 
differences in viscosity between the two phases, and an inter-phase slip term is 
introduced into the momentum conservation equations of the CFD model (Drew and 
Lahey, 1981).
When modelling small, discrete particles such as the air bubbles in DAF (bubble 
diameter typically between 20pm and 100pm), the bubbles may be approximated to a 
diffuse dispersion of a second phase. Furthermore the bubbles may be assumed to act 
as rigid spheres within the range of particle Reynolds number that is typical of DAF 
(Clift et al, 1978).
Environmental aspects of DAF
r  -
There are several factors which define the environmental impact of a water-treatment 
operation such as DAF. The pertinent ones are: land use, materials use (capital and 
operational), energy consumption and waste production. These will now be discussed.
Land Use
Each water treatment process unit occupies a certain surface area, commonly referred 
to as the ‘footprint’ of the process (measured in m2). Due to the higher process 
efficiency of DAF in dealing with low-density particulate matter, its footprint is 
generally lower than that of sedimentation-based clarifiers. It is not uncommon for the 
process footprint to be reduced by over 50% by converting to DAF technology 
(Thames Water, 1999). By using less surface area, land is released for non-industrial 
use and the need for site expansion is reduced.
Materials Use
Recommended construction materials and other stipulations for both sedimentation 
clarifiers and DAF tanks are given below:
Sedimentation
Clarifler
DAF Tank
Main tank mild steel mild steel with epoxy lining or 
316 stainless steel
Saturator column N/A stainless steel pressure vessel
Pipework (water) mild steel stainless steel (dissolved 
air system), mild steel (all 
other)
Compressor N/A air supply must be oil-free
The additional environmental impact of DAF results from the additional construction 
requirements of a compressor and saturator column. This is partially offset by using 
less raw materials to construct the tank itself. However the materials used to construct 
the DAF tank have a higher environmental impact weight-for-weight than those used 
for sedimentation clarifiers.
Flocculation
Flocculation is a chemical treatment process widely used in the water treatment 
industry. The aim of the process is to overcome the innate repulsive forces between
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particles suspended in a fluid and thus encourage the formation of floes (clusters of 
particles). This is achieved chemically by adding flocculating agents to the water.
The formation of large floes is crucial to sedimentation as the rate of settlement is 
increased. Although the DAF process requires a flocculation stage, the floes need not 
be as large as in sedimentation. Much larger floes are required if the floe is intended 
to settle rather than float, and larger floes generally require a higher process time, 
higher concentration of added chemicals or both. Therefore in theory chemical 
treatment during flocculation can be reduced using the DAF process. Such reductions 
have been observed in practice (Malley and Edzwald, 1991), although the magnitude 
claimed by some authors has been called into question (Stevenson, 1997). It has also 
been observed that the water’s pH need not be reduced as much during flocculation 
for the DAF process to work efficiently.
Air-saturated water supply
The air-saturated water for the DAF tank is supplied by a system comprising an air- 
compressor, a saturator column and a recycled water supply; The recycled water 
comes from the effluent of the filtration process and generally comprises 5-10% of the 
DAF process throughput. This is mixed with pressurised air within the saturator 
column. This mixture is fed to the DAF tank nozzles. The act o f supplying 
compressed air supply consumes energy (see below).
Energy Consumption
Additional electrical energy is required in the DAF process to power the air 
compressor. A pump may also be needed to take air-saturated water to the DAF tank 
nozzles if  there is insufficient hydrostatic head or pressure gradient. It is estimated 
that the DAF process thus requires 10 times the energy input of a sludge blanket 
clarifier, and 2 times the energy input of a solids re-circulation clarifier. The power 
requirement of the air compressor can be represented as follows:
Power = p g h 0  
E
where p = density o f air-saturated water, g = free fall acceleration, h = pressure rise 
required (in terms o f hydrostatic head of air-saturated water), Q = flow rate and E = 
efficiency of compressor.
Waste Production
The waste generated by primary clarification is sludge, which is either settled or 
floated. The sludge consists of suspended particles removed from the water and 
chemical flocculant used to remove them. If less flocculant chemicals are used, less 
sludge is produced on a weight-for-weight basis.
Conclusions and future work
CFD simulation has been used successfully in many fields of technology and is 
beginning to be used extensively in the water industry. There are several models of 
DAF that have been proposed and reviewed. Most of these are rudimentary physical 
models; variants of ‘collision-factor’ models from filtration theory. While some
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models have examined the effects on performance of flow within the contact zone 
(Fukushi et al., 1998), these models make simplifying assumptions regarding the 
homogeneity of flow. Some empirical studies have also been carried out on full-scale 
and pilot-scale DAF installations which have proved useful in process optimisation. 
However the results of these can only be applied to the tanks studied; they cannot be 
generally applied to all DAF tanks.
DAF is becoming an increasingly important tool in environmentally-responsible water 
treatment, both for potable water and waste water. It will therefore become 
increasingly important to be able to accurately model the DAF process across a range 
of tank designs, surface loading rates, turbulence conditions and phase compositions. 
It is important to take full account of momentum transfer throughout the DAF tank, as 
this is responsible for important effects such as swirls in the contact zone and re­
circulation in the flotation zone. These effects are not predicted by other models based 
on rudimentary physical equations or empirical relationships. A CFD mathematical 
model, based on conservation of mass and momentum, is being developed to achieve 
this. The important aspects for the early stages of its development will be appropriate 
treatment of interfaces, both at walls and the open upper surface, and appropriate 
modelling of momentum transfer between the air and water media.
A number of flow measurement methods are available which may be used for the 
purposes of verification of the CFD model. It will be particularly important to assess 
the change in flow patterns as a result of the air added to the tank. Bearing in mind the 
small-scale of the experimental DAF tank, intrusion into the flow must be kept to a 
minimum. For this reason non-intrusive, optical flow measurement techniques are 
preferable to more intrusive techniques based on acoustic or film-cooling phenomena. 
Examples o f non-intrusive techniques are dye-trace, chemical trace, laser Doppler 
velocimetry (LDV) and particle imaging velocimetry (PIV). Results from some of 
these techniques are shown. It will be important in future work to identify the 
resolution of scale required for flow measurements. This will vary throughout the tank 
as there are zones where the velocity gradient and/or composition gradient are greater 
than in other zones.
Environmental impacts of DAF and other methods of clarification have been 
discussed. The development of a successful CFD model of DAF is expected to lead to 
reductions in the size of DAF plant and the use o f air. The corresponding 
environmental benefits would be reductions in land use, capital materials use and 
energy consumption. The theoretical upper limits of these environmental benefits 
should be defined and used to provide environmental targets for the project.
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ABSTRACT
A laboratory model is used to measure the generic flow patterns in dissolved-air 
flotation (DAF). The Perspex model used in this study allows the use o f laser Doppler 
velocimetry (LDV), a non-invasive, high-resolution (±2mms_1) laser technique o f flow 
velocity measurement. Measurement o f flow velocity in the single-phase situation was 
first carried out. Air-saturated water was then supplied to the tank and measurements 
o f bubble velocity in the two-phase system were made. Vertical flow re-circulation 
was observed in the flotation zone. In the bottom of the flotation zone (near the riser) 
secondary flow re-circulation was observed, but only in the two-phase system. 
Another phenomenon was the apparent movement of flow across the tank width, 
which may be due to lateral dispersion o f the bubble cloud. Data from preliminary 
computational fluid dynamics (CFD) models were compared against this measured 
data in the case o f the single-phase system. The CFD model incorporating a k-£ model 
o f turbulence was found to give closer agreement with the measured data than the 
corresponding laminar flow model. The measured velocity data will be used to verify 
two-phase computational fluid dynamics (CFD) models o f DAF.
KEYWORDS
computational fluid dynamics (CFD); dissolved air flotation (DAF); flow 
measurement; laser Doppler velocimetry (LDV); modelling; two-phase
INTRODUCTION
Dissolved air flotation (DAF) is an important water treatment process in many spheres 
o f industry. One o f these is the treatment o f potable drinking water supplies. It is well 
reported that the DAF process gives superior removal o f algae, natural colours and 
odours compared with sedimentation methods (Edzwald, 1997; Hargesheimer and 
Watson, 1996; Malley and Edzwald 1991) albeit usually with higher running costs 
(Stevenson, 1997). Efforts have been directed to the optimisation o f process efficiency 
in order both to justify the added expense of DAF and to push the process capability 
ceiling higher (Baeyens et al, 1995; Eades and Brignall, 1995). The predictive 
modelling of DAF has been and will continue to be a vital part o f sustained process 
improvement, both in unit design and operation (Matsui et al., 1998; Ta and Brignall, 
1997; Fawcett, 1997)
This work forms part o f a project to develop and validate a model o f DAF that 
captures the 3-D fluid flows within a Perspex model o f a ‘conventional’ DAF tank, as 
shown in Figure 1. An important part o f the validation of the model is to measure 
accurately the fluid flow within a DAF tank under a range o f conditions 
corresponding to real-life operating conditions (Hague et al., 1999; Ta et al., 1996). 
This is particularly the case when dealing with a two-phase (air/water) system where 
the flow patterns o f the water may be significantly modified by the presence o f air, 
often in ways which are not readily understood.
It is difficult to produce detailed flow maps within full-size and/or pilot-plant 
installations (Lundh et al., 2000; O ’Neill et al., 1997). Access to the flow domain is 
limited and the techniques o f flow measurement that can be used tend to rely on
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intrusion into the flow field in order to produce their results. For optimum accuracy, 
non-invasive techniques should be used. Two such techniques that have been widely 
used, laser Doppler velocimetry (LDV) and particle imaging velocimetry (PIV), make 
use of the special characteristics of laser light for flow measurement within fluids.
Plan View o f Tank
■air
water
1 air-saturated
water
velocity
measurement
point
nozzles
0.975m
ReservoirDriven
Fig. 1. The Perspex DAF model is shown here along with its ancillary components. 
The measurement points for LDV analysis of the flotation zone are shown.
M ETHODS
For the purposes of this work, a flow rate of 40 litres per minute (main flow) was 
supplied to the tank. This equates to a surface loading of 10.6 mhr \  The influent falls 
freely over a weir into the tank where it then descends to the entrance of the reaction 
zone, which is a straightforward rectangular 90° bend, in common with all other 
changes of flow direction within the model. Three nozzles for the injection of air- 
saturated water are sunk into the floor of the reaction zone at 50mm from each wall 
and one in the centre (150mm from each wall). The riser which separates the reaction 
zone from the flotation zone is vertically oriented. The level of water over the riser 
can be varied by altering the height of the sliding outlet riser. Water falls freely over 
the outlet weir and returns to the main-flow supply reservoir where it is pumped 
around the system once more.
The supply of air-saturated water to the tank is provided by a compact saturator 
column (1.8m high, 0.15m internal diameter). The column is of stainless steel 
construction and typically operates within the range of gauge air pressure of 4-7 bar. 
The column is part-filled with packing rings to provide ample contact surface between 
water and air, and a separate reservoir below the packed section holds the air- 
saturated water ready for use. A level sensor ensures that fresh supplies of clean water 
are pumped to the column as and when required. The water travels from the saturator 
column to the tank through a reinforced polypropylene pipe to a flow-regulating 
valve. Beyond the main control valve, the flow is divided into three streams. Each of 
these three streams are fitted with a needle valve in order to bring about the rapid flow 
acceleration and deceleration that is necessary to produce the cloud of fine bubbles 
that characterise the DAF process (Steinbach and Haarhoff, 1997). The two-phase 
experiments reported here were carried out using air-saturated water at a pressure of
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4.0 bar. At this pressure the ideal, equilibrium excess air content (above atmospheric 
levels, assuming 100% saturator efficiency) would be 10.7 vol.% at 15°C, the 
temperature at which all experiments were carried out (Perry and Green, 1984). The 
nozzle flow rate was set to 1.81pm. This is equivalent to a recycle ratio of 4.5%.
Due to the restriction of the penetrating power of the laser and the relatively high- 
density of the bubble dispersion, measurements^ were only made at a depth of 45mm 
into the tank. The measurement points are shown in Figure 1, and all references to x- 
and y-position from here on refer to the distances in the x- and y- directions using the 
bottom left-hand comer of the flotation zone as the point of origin (0,0). Only the 
nozzle nearest to the wall was activated during two-phase experiments and, again, 
measurements were made at the same depth into the tank. By means of attaching a 45° 
right-angled prism below the base of the tank, and shining the laser beams into the 
tank from below, measurements of velocity in the z-direction (across the width of the 
tank) could also be made.
The technique of laser Doppler velocimetry (LDV) makes use of the coherent nature 
of laser light, its high power density and the principles of light-wave inteference to 
determine fluid velocity within a sample volume of the order of 0.1mm3. The 
technique relies on the interaction between interfemce fringes within the sample 
volume and water-bome seeding particles, carried by the fluid (Durst, Melling and 
Whitelaw, 1976). A Dantec FVA LDV system was used for these measurements. For 
single-phase experiments a polypropylene powder product was used as the seeding 
particle (specific gravity of 0.92). For the two-phase experiments, the air bubbles 
themselves were used as the seeding particles.
Each signal received from the fluid flow domain is known as a Doppler burst, and 
analysis of each individual signal gives the corresponding velocity value. A total of at 
least 1500 Doppler bursts were analysed from each measurement position and the 
statistical deviation, S, was determined as follows:
S =
y s(x j  - x )2 
Vn
.thwhere x{ is the i velocity measurement, and x is the average velocity over the entire 
population, n. The values of S are shown as fractions of the mean value.
RESULTS AND DISCUSSION
The results of flow measurements in the x- and y- directions for the single-phase 
system are shown in Figures 2 and 3, compared with results of simulations based on 
both laminar and k-e turbulent single-phase CFD models. The CFD modelling code 
that was used for these comparisons is FLUENT v.4.5. The geometry of the CFD 
models that have been used is exactly that of the Perspex model, but a simplified 
boundary condition for the inlet velocity has been used which does not truly reflect 
the actual flow distribution over the inlet weir. This may be reflected in the higher 
values of deviation between simulated and measured velocity values at this stage of 
the work.
25
For the Degree o f Engineering Doctorate (EngD) in Environmental Technology
x-component velocity
-o- k-e flow CFD simulation
laminar flow CFD simulation
measured data values
Outlet
air-saturated 
water supply
Fig. 2. Values of x-component of water velocity (single-phase flow). 
Measured data obtained by LDV compared with CFD simulations. The 
straight dotted lines show the zero-velocity datum for each x-position.
y-component velocity
-*>- k-e flow CFD simulation
laminar flow CFD simulation
measured data values
Outlet
air-saturated 
water supply
Fig. 3. Values of y-component of water velocity (single-phase flow). 
Measured data obtained by LDV compared with CFD simulations. The 
straight dotted lines show the zero-velocity datum for each y-position.
The numerical data for velocity components measured in the x- and y- directions is 
shown in Table 1. Measured data is compared with modelled data with the difference 
between the two values expressed as a percentage i.e. “%x-“ means the ratio of the 
difference (between modelled data and measured data) to the measured data, for the x- 
component. Broadly speaking, the k-£ model showed better agreement with the 
measured values of the x-component of velocity. In the case of y-components of 
velocity, the predicted values for the k-£ model and laminar model were very similar, 
and so neither had a clear advantage in terms of this variable.
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The results of flow measurements in the two-phase system are shown in Figure 4, 
compared with the corresponding data for the single-phase system. It is noteworthy 
that the x-y symmetry of the flow pattern within the flotation zone seems to change. 
Vertical re-circulation currents in the single-phase system change when air is added to 
include a secondary re-circulation at the bottom left-hand comer of the tank. This 
assumes that the bubbles, which are acting as the measured ‘particles’ in the case of 
the two-phase flow, are representative of the flow of the surrounding water. The 
typical measured velocity of air bubbles within the flotation zone was 3x10 2 ms'1. 
Assuming Stokes’ flow of bubbles relative to the water (Edzwald, 1995), the free-rise 
velocity of an air bubble of 50pm diameter in water would be 1.5x103, an order of 
magnitude lower than the velocity of the surrounding water. It is justifiable therefore 
to make the approximation that the bubbles are carried along with the flow of the 
water. The total flow within the x-y plane also seems to decrease when air is added to 
the system. This may be indicative of a change in the lateral distribution of flow i.e. 
across the width of the tank. In order to confirm this, more detailed work will need to 
be carried out on the effects of process conditions on the z-velocity within the DAF 
tank. The LDV technique has nonetheless been found to be a useful tool for the 
mapping of velocity within the fluid flow field. Such experimental data will be 
essential in the verification of CFD models of DAF.
a) single-phase (no air)
W a te r  le v e l
263 m
206
149
o u t
50 150 250 350 450
b) two-phase (with air)
W a te r  le v e l
263 in
206
149
o u t
50 150 250 350 450
Fig. 4. X-y plots of velocity measured within the flotation zone for a) single 
phase system, and b) two-phase system.
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CONCLUSIONS
The technique of laser Doppler velocimetry (LDV) has been used to determine fluid 
flow velocity values in three dimensions within the flotation zone of a DAF tank. 
This has been carried out for both a single-phase (no air) situation, and the 
corresponding two-phase situation. There is direct evidence of vertical re-circulation 
currents that undergo an apparent transformation when air is added to the system. 
There is also indirect evidence of lateral re-circulation currents within the flotation 
zone. The flow within the flotation zone has implications for the performance of a 
DAF tank. It is therefore essential that predictive models, such as the CFD model 
under development in this project, simulate flow patterns that are in line with 
experimental data such as that presented here.
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APPENDIX IV - HAGUE J., TA C.T., BIGGS M.J. (2001) 
Dense micro-bubble flow system. CFD modelling and experimental 
validation. P r o c . l V h I n t .  C o n f .  M u l t i p h a s e  F l o w , New Orleans, USA, 
27th M a y -1 st June
ABSTRACT
Two phase (air and water) flow in a dissolved air flotation (DAF) tank has been 
studied using a laboratory scaled model. Flow measurement has been carried out 
using both laser Doppler velocimetry (LDV) and particle image velocimetry (PIV) 
techniques. Fine air bubbles may be used as seeding particles in both measurements. 
A computational fluid dynamics (CFD) model using the two-fluid Eulerian model 
has been employed to simulate the flow. In the flotation zone, the simulation of the 
flow velocities and the bubble blanket level is in reasonable agreement with LDV 
results and observations. In the reaction zone, the simulated results are in good 
agreement with time-averaged PIV results. The results add confidence to using a CFD 
model as a tool for designing operational DAF tanks.
INTRODUCTION
Dissolved air flotation (DAF) is a water treatment process used to remove particulate 
matter during the treatment of drinking water and also from industrial and domestic 
waste water prior to discharge ([1,2] and references therein). The process of flotation 
is shown in Figure 1. Water carrying floes is fed over a weir and then under an inlet 
weir to enter the reaction zone. In this chamber, air-saturated water is added through 
nozzles distributed across the tank. The air bubble and water mixture is then carried 
upward over the contact zone weir to enter the flotation zone. The floes are floated to 
the surface while the clean water continues under the outlet baffle to the tank exit. 
The process relies on the interaction of a dense cloud of micro bubbles with floes 
present in the water, which reduces the effective density of the bubble-floc 
agglomerates, allowing them to float to the surface.
As the bubble size is small (50pm average), they are expected to follow the water 
flow. However, the presence of these bubbles, in turn, affects the water flow so the air 
and water dynamics must be coupled. The small bubbles may be trapped in the zone 
of flow circulation and some take a long time to reach the water surface.
In the reaction zone, the concentration of bubbles is about 105 per ml, the mean 
bubble diameter is o f the order of 50pm and the air/water volume fraction is of the 
order of 10%. A bubble concentration as high as possible is preferable for 
attachment to the particulate floes carried in the water. The preferred design 
configuration is that the air bubbles are dispersed evenly across the tank width.
In the flotation zone, the bubble concentration is lower (~1% volume fraction) as the 
flow is distributed over the tank surface. Fine bubbles form a layer of “white” water 
near to the surface. The level of the bubble blanket for a fixed retention time depends 
on the aspect ratio (depth/length) of the tank. For a deep tank (ratio 1:2), it is
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observed that there exists vertical flow circulation, which causes a deeper bubble 
blanket.
'utlet over weir
Inlet Flotation Zone--
Outlet under weirover
150rtim
140mm
460mm
Reaction zone. Series o f  nozzles are introduced
across the tank to deliver dissolved air water.
Riser baffle .
%
■rrrSSi
 tr-----C**— E» ► -—►
t= c g
Clean water
Outlet baffle
0.06 m/s Flotation zone :air trapped particulates float and are 
removed from top water surface
Figure 1 Dissolved air flotation tank - geometry and process
The performance of the flotation process depends on the distribution o f flow. The 
flow determines the residence time in the tank and the distance over which the floes 
must travel in order to reach the water surface. The longer the residence time and the 
shorter the distance will result in the better flotation condition. The preferred flow 
condition is that the air/water mixture should be delivered uniformly to the top water 
surface across the whole tank width resulting in the shortest distance for air trapped 
floes to reach the surface and the optimal residence time.
Visualization of the process is difficult because of the dense cloud of air bubbles. 
Visualization using a sonic probe and underwater camera have been carried out to 
determine the level o f the bubble blanket [3,4,5]. Flow measurement using acoustic 
means has also been carried out [5,6,7] but experimental error was incurred due to the 
intrusion o f the probes and sensitivity of the velocity of sound waves to air 
concentration..
In this work, a laboratory model was employed to study the DAF process [9,10]. This 
allows the flow visualization and measurement to be carried out using laser Doppler 
velocimetry (LDV) and particle imaging velocimetry (PIV). LDV measurement was 
carried out in the flotation zone where local eddies are low and the flow condition 
approaches the steady state condition. In the reaction zone, PIV is used both for 
visualization and instantaneous flow measurement. The visualization is o f particular 
interest to investigate the air bubble distribution.
33
For the Degree o f Engineering Doctorate (EngD) in Environmental Technology
A CFD model was also developed to add to the understanding of the flow. In order 
to take into account the coupled condition and the time scales, an Eulerian multiphase 
model was employed. This work has assumed that a steady state condition is reached 
within the tank.
Several models have been developed to simulate this process [11,12]. The drawbacks 
of these models were the assumption of an even distribution of micro-bubbles 
throughout the tank and assumptions of bubble cloud dynamics. Applications of a 
CFD technique have also been carried out [8,11]. This work has employed the same 
technique and boundary conditions as used by Ta et al [8].
EXPERIMENTAL METHOD 
Apparatus
The apparatus as used by Hague et al [10] is shown schematically in Figure 2. The 
tank dimensions are 0.975m x 0.30 m x 0.27m. Feed water is delivered to the tank 
from a reservoir by a submerged pump. It discharges over the weir to achieve uniform 
flow across the tank and then goes under the baffle to enter the reaction chamber. 
There are 3 nozzles for injection of air-saturated water. Air and water mixture then 
rise to the surface and over the contact zone weir to enter the flotation zone (Figure 
3).
The main operational parameters of DAF are the main flow rate, the air/water flow 
rate and the tank geometry. The water level in the tank is controlled by the height of 
the weir at the outlet end and was set for these experiments at 0.025m above the 
contact zone weir. The air-saturated water was at a pressure at 4.6 bar. At this 
pressure, the air content is at 10.0% volume at 21°C, The main flow rate flow was set 
at 43.8x10' m /min and the recycle ratio was set at 1.2%.
The objective o f using a small-scale model DAF tank is not to achieve scaling of the 
process. Rather it is that the laboratory model is qualitatively comparable to the full- 
scale process, while allowing the experimental freedom to carry out rigorous 
verification of CFD models. The CFD model itself will then be scaled-up in order that 
it is applicable to the full-scale process.
Flow measurement and visualisation
A Dantec FVA LDV system was used for the measurements. It was found that the air 
bubbles themselves could be used as the seeding particles. Each signal received from 
the fluid flow domain is referred as a Doppler burst, and a total of at least 1500 
Doppler bursts were analyzed for one velocity component at each measurement 
position. The acquisition rate was high and for each measurement was completed 
within lOmins.
Due to the restriction of the penetrating power of the laser and the relatively high 
obscuration due to the bubbles, measurements were only made at a depth of 45mm 
into the tank. The LDV study was limited to the flotation zone for the same reason.
34
For the Degree o f Engineering Doctorate (EngD) in Environmental Technology
The measurement points are shown as dots in Figure 2. Only one nozzle was 
activated during two-phase experiments and, again, measurements were made at the 
same depth into the tank. By means of attaching a 45° right-angled prism below the 
base of the tank, and shining the laser beams into the tank from below, measurements 
of velocity in the direction across the width of the tank were made.
Plan view of Tank
air
— water 
air-saturated 
water 
• velocity 
measurement 
point
nozzles
Side view of Tank
-D riven
0.975m
Reservoir
0.30m
0.27m
Figure 2 Schematic diagram of Laboratory model of DAF tank
W a te r  s u r f a c e
Figure 3 Perspex DAF tank
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The laser used for PIV analysis was a 6W Ar-ion laser. This illuminated a 100mm 
square across and immediately above the air water nozzle. Time between the two 
successive frames for velocity vector calculation was 200ns and series of two frame 
sets were captured every 6s.
Again seeding was not necessary for PIV measurement as fine air bubbles were used. 
The air bubbles were present throughout the field of view of interest.
COMPUTATIONAL FLUID DYNAMICS (CFD) MODEL
The CFD model [8] is as shown in Figure 4
• Water Inlet was set as velocity inlet with uniform velocity. This was calculated 
from the flow rate (43.8 x l0 '3m3/min) and the level above the baffle. The air 
volume fraction was set to zero
• The air nozzle was set as velocity inlet. Both air and water velocities were set to 
0.55xl0'3m3/min. The nozzle diameter was 0.02m so that the average velocity was 
at 0.029m/s and the air volume fraction was at 0.10. Air bubbles were set to a 
uniform size of 50pm
• The water outlet is set as a pressure inlet boundary to allow flow over the weir. 
The relative pressure is 0.
• The top water surface is set as a frictionless wall. Thus, shear stress is set to zero 
or alternatively the water velocity is set to be slip in the horizontal direction and 
zero in the vertical direction. Here, an additional boundary feature must be 
introduced to remove the air (gas sink). The amount of air removed from the 
domain is equal to the flux across the water surface. The top water surface can be 
set as a pressure boundary with zero relative pressure.
• Gravity is set as a downward acceleration of 9.81ms'2 throughout the domain
0.9m
W a ll  fo r  w a te r  p h a s e /  s in k  f o r  a ir  p h a se
p re ssu re
O u tle t
0.26m
0.30m
^->r
in le t
V e lo c i ty  in le t  
a t  1st n o z z le .
T h e  o th e rs  w a s  o f f
- > < -------------------
"*• : flow direction
re a c tio n
z o n e
f lo ta t io n  z o n e
->K------- >\
o u tle t
Figure 4 CFD model of the DAF model - Boundary Condition
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Both laminar and turbulent flow models can be used to calculate the water and air 
flow. This work initially used a k-£ turbulent flow model for the water phase and a 
laminar flow model for the air. However, it was found that the distinction was not 
essential and a k-e turbulent model was used for both phases. Furthermore, the k-e 
model seemed to converge more readily than either the laminar model or other 
turbulence models.
The convergence limit was set to 0.01 SI units for mass and momentum of both 
phases. The convergence was slow. This work used the single (water) phase with 
fixed wall boundary as the starting point. The flow o f air was then simulated also 
using the fixed wall boundary to establish the flow across the region above contact 
zone weir. The fixed wall boundary was then replaced by a gas sink boundary to 
continue the simulation. Air concentration at the nozzle was initially set to 0.01 and 
was increased gradually to 0.10. The relaxation factor was 0.1 for both mass and 
momentum.
RESULTS AND DISCUSSIONS 
LDV measurement
The results of the LDV measurement for the flotation zone are shown in Figure 5. 
The position of measurement points were as indicated. All positions were on the same 
plane at 0.045m from the side o f the tank. The water temperature at the time of the 
measurement was at 21°C and remained constant throughout. The measurement was 
repeated for a number o f positions and the results (not shown) were found to be in 
reasonable agreement (error < 10%). The largest source of experimental error was the 
fluctuation of flow in the tank.
In the flotation zone, a vertical flow circulation is seen. The velocity is maximum at 
the water surface and along the outlet wall. Using the total flow rate at 44.36x10'T - Tm /min, the average velocity above the contact zone weir was calculated to be 
0.0912 m/s. The LDV measurement value was 0.076m/s, 23% too low. This 
discrepancy may be due to vertical flow distribution resulting in a graduated flow at 
the upper surface. The decrease o f the velocity downstream indicated that the flow 
distribution was being shifted downward as the flow was essentially planar. The 
velocity component across the tank was found to be 1.6mm/s (±1.4). At the upper- 
right comer of the flotation zone, flow was stagnant and an accumulation o f air 
bubbles was observed. In the region below the outlet baffle, again using the total 
flow, the average exit velocity was calculated to be 0.061 m/s, higher than the 
measured value of 0.019m/s. The velocity then decreased rapidly and flow turned in 
the opposite direction away from the outlet baffle.
The CFD simulated results are shown in Figure 6. Again high velocities were 
predicted along the water surface but the maximum of the distribution directed 
slightly downward towards the outlet. The flow returning back to the contact zone 
weir diagonally created a skewed flow circulation.
The simulated vectors are compared with the measurement in Table 1. The agreement 
is fair with the exception of very low flow regions. At high flow, the agreement is
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reasonable with error within 30%. At the position just before the exit, large 
discrepancy was observed (see above).
Contours of air volume fraction compared with the observed bubble cloud are shown 
in Figure 7. Qualitatively, the agreement is excellent. In the flotation zone, the highest 
bubble concentration was near the outlet baffle. The stagnation of the main flow 
caused the accumulation of air bubbles, which, in turn diverted the upstream flow. At 
lower flow, the air bubble concentration in this region is expected to increase further. 
The region just behind the contact zone weir was clear o f air. The re-circulation was 
apparently not sufficient to carry the air bubbles back to the inlet end before 
buoyancy forces held sway. Quantitative comparison was not carried out here because 
of present difficulties in measuring the air volume fraction at very low concentration.
The design of the operational DAF tank relies on the flow distribution within the 
layer near to the surface to evaluate the actual residence time. The residence time 
must be sufficient for the air bubble/floc agglomerates to reach the surface, so for a 
specified flow rate, this influences the dimensions of the flotation zone. The other 
factor affecting the design is the level of the bubble blanket. The bubble cloud should 
not escape into the outlet chamber as that could result in escape o f floes and loss of 
air into the effluent. This is avoided by varying the levels of the contact zone and the 
outlet baffles. The current steady state CFD model has predicted with reasonable 
accuracy the flow distribution and the level of the bubble blanket. The model can 
therefore be used subsequently as a design tool for flotation tanks.
Table 1 Velocity Vectors in the Flotation Zone -LDV and CFD simulation results
No. x (m) y (m) Vmeas -LDV (m/s) Veal -CFD (m/s) Diff (%)
1 0.205 0.035 0.013 0.008 -35%
2 0.205 0.089 0.010 0.011 8%
3 0.205 0.149 0.012 0.013 15%
4 0.205 0.206 0.020 0.015 -28%
5 0.205 0.263 0.076 0.086 13%
6 0.305 0.035 0.006 0.015 158%
7 0.305 0.089 0.011 0.017 52%
8 0.305 0.149 0.022 0.024 10%
9 0.305 0.206 0.014 0.020 45%
10 0.305 0.263 0.079 0.062 -21%
11 0.405 0.035 0.013 0.014 10%
12 0.405 0.089 0.014 0.014 1%
13 0.405 0.149 0.019 0.002 -90%
14 0.405 0.206 0.011 0.011 4%
15 0.405 0.263 0.062 0.040 -36%
16 0.505 0.035 0.021 0.009 -56%
17 0.505 0.089 0.018 0.008 -55%
18 0.505 0.149 0.020 0.013 -36%
19 0.505 0.206 0.019 0.034 84%
20 0.505 0.263 0.063 0.018 -72%
21 0.605 0.035 0.024 0.040 69%
22 0.605 0.089 0.029 0.034 18%
23 0.605 0.149 0.030 0.026 -13%
24 0.605 0.206 0.040 0.030 -26%
25 0.605 0.263 0.025 0.010 -62%
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PIV measurement
Figure 8 shows series of typical PIV images of the reaction zone. Images were 
recorded at the region just above the nozzles. It is observed that air bubbles released 
at the nozzles were pushed toward the contact zone weir before being dispersed 
upwards. Although, as shown in Figure 7, the bubble cloud was fairly uniform, the 
dispersion of air bubbles was not steady within the average residence time of 6s. 
There was also lateral movement of the bubble plume. The fluctuation of the plume 
dispersion was random and repeats of the bubble cloud pattern were not observed 
during over 100 individual experiments..
The CFD model in this work is a steady state model. Only the average bubble 
concentration could be compared. The simulated bubble concentration contour was as 
shown in Figure 9. The contours show a similar pattern to that observed in captured 
PIV images.
Two successive PIV frames of 200ns separation were used to obtain velocity vectors. 
Typical results are shown in Figure 10, which can be compared with the CFD 
simulated result shown in Figure 11. At the inlet, again using the total flow, the 
average horizontal velocity was calculated to be 0.06lm/s. The results obtained from 
PIV and CFD were 0.05m/s and 0.065m/s respectively. Near to the contact zone weir, 
the velocity increased upward. The observed PIV velocity was O.lm/s while the CFD 
velocity was 0.12m/s. In the region near to the inlet baffle, a stagnation zone was 
observed in both simulated and experimental results. The steady state CFD and the 
average PIV results were in reasonable agreement.
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Conclusion
A laboratory scaled model of a dissolved air flotation tank has been developed to 
allow accurate flow measurement. Laser Doppler Velocimetry and Particle Image 
Velocimetry were carried out. Fine air bubbles were used as seeding particles. A 
steady state CFD model was developed using an Eulerian multiphase approach and 
was employed to simulate the flow in both flotation and reaction zone. The model 
was able to predict the velocity distribution and the air bubble concentration. The 
simulated velocity field was in fair agreement with LDV measurements, and can 
therefore be used as a predictive tool for DAF design of the flotation zone. In the 
reaction zone, the CFD model was in qualitative agreement with time-averaged PIV 
results.
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(2002) 
Experimental and modelling study of flow in DAF tanks. Submitted 
for publication in the Journal of Water Research
Abstract
An analysis of flow within the flotation zone of a laboratory-scale model of a 
dissolved air flotation (DAF) tank is presented. Flow velocity measurement has been 
done using the non-intrusive technique of laser Doppler velocimetry (LDV).
A 5W argon-ion laser was used, having an effective power output of 15-20 mW. The 
small (50pm) air bubbles acted as seeding particles themselves, in addition to 
conventional silver-coated glass particles. The laser light penetrated successfully into 
bubble clouds where the volume fraction of air was a maximum of 0.7% v/v. The 
resolution of velocity measurement for this LDA equipment was found to be 5x10'5 
ms'1, making it suitable for this work. The experimental results were compared with 
steady-state computational fluid dynamic (CFD) simulations. Discrepancy between 
flow velocity vectors in the experimental and simulated cases was found on the whole 
to be less than 20% using a simple statistical technique.
Keywords: DAF, flotation, LDV, two-phase, CFD
Introduction
Dissolved air flotation (DAF) is an important water treatment process for potable 
water supplies and both domestic and industrial wastewaters (Ives,K. (1995), Zabel, 
T.F. and Melbourne J.D. (1980)). The technique uses a fine dispersion of air bubbles 
to capture flocculated, water-borne particles and float them to the surface where they 
form a froth that can be easily removed (Edzwald, J.K. (1995)).
The flotation process can be divided into two parts: the first part involves bringing the 
particles and bubbles together in the contact (or reaction) zone (Reay,D. and Ratcliff, 
G.A. (1973)). The second part involves their transport to the surface for collection 
and removal in the flotation (or separation) zone (Edzwald, J.K. (1995)). The general 
design objective of DAF is to control the flow in such a way as to avoid disturbances 
to the surface of the flotation zone e.g. localised, high velocity gradients. This is in 
order to facilitate the separation of particulate matter from the water to form a surface 
froth. There are many designs, which differ in the configuration of the inlet to the 
tank (Ta C.T. (2001)). A DAF tank with circular cross-section, where the flow is 
delivered via a central pipe at the base of the tank, may be described as having a 
‘point inlet’. Those with rectangular cross-section tend to deliver flow via a weir, 
perforated pipe or multiple inlet pipe structure, and may be described as having a 
‘linear inlet’. Meanwhile co-current, cylindrical and COCO-DAFF systems deliver 
the flow to a specific surface (Baeyens, J. et al. (1995), Eades A. et al. (1997)) and 
may thus be described as having a ‘surface inlet’. The ‘linear’ and ‘surface’ systems 
are often used in potable water treatment because they can be designed such that the 
turbulent energy is consistently low. This is important as floes (flocculated particles) 
tend to be more fragile in this application (Tambo, N. and Houzoumi, H. (1979)). 
There is a limited understanding of flow behaviour in the two-phase water/air system 
of DAF where the flow is influenced by buoyancy force as well as inertial force. In a 
large bubble (> 100pm) system, individual bubbles rise rapidly as observed in ozone
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tanks (Ta C.T. and Hague J. (2001)) and aeration systems. On the other hand, in a 
small-bubble system such as DAF (<100pm), the bubbles appear as a diffuse, white 
cloud and tend to follow the flow.
Many authors have used CFD models to simulate the DAF system. This allows the 
geometry of the system to be accounted for in the design of new plant. The two types 
of model used are the Lagrangian particle-tracking method and the Eulerian two-fluid 
method. Simulations have been reported by authors including Fawcett, N.S.J. (1997), 
Ta C.T. et al. (2001) and Crossley et al (2001). However there has been up to now a 
lack of experimental data for validation of such models. Lundh, M. et al (2001) used 
acoustic Doppler velocimetry (ADV) to provide such data from a laboratory-scale 
model. There is however concern over the degree of intrusion of the ADV probe into 
the flow within small-scale tanks. Ta et al. (2001) used ADV to measure flow in a 
full-scale DAF tank, albeit with some problems of resolution in the vertical 
component of velocity. Qualitative data, presented by Haarhoff, J. and Edzwald, J.K.
(2001) and Leppinen, D.M. et al. (2001), highlighted useful and interesting flow 
phenomena. However for the validation of numerical models, quantitative data are 
required.
Laser Doppler velocimetry (LDV) has been used before for flow measurement in 
water/air systems (Ohba, K. et al. (1986), Velidandla, V. et al. (1996)). However the 
diameter of air bubbles in these applications was of the order of 1mm or greater. The 
LDV technique has been used successfully in DAF systems by previous authors 
(Shawwa, A.R. and Smith, D.W. (1998), Hague, J. et al. (2001a), Hague et al. 
(2001b)). The principal advantages of LDV are the non-intrusive nature of the laser 
probe and the high resolution of velocity -  the system used in these experiments 
displayed a resolution of 5x10"5 ms'1. For these reasons LDV was the preferred 
method of flow analysis. In addition a bubble probe was used to measure the local 
concentration of air bubbles throughout the tank. The apparatus used for this work 
was a variant on that described by Leppinen, D.M. and Dalziel S.B. (2001).
The apparatus used in this study is a laboratory-scale model of a DAF tank. The aim 
was not to produce a truly dynamically-scaled model. The aim was to reproduce the 
gross flow behaviour of full-scale DAF tanks while providing precise validation data 
for numerical models of DAF.
Materials and Methods
The model DAF tank used in this work is shown in Figure 1. The main flow enters 
the tank via the inlet and passes through to the contact zone where it meets air- 
saturated water (often referred to as recycle flow) that is injected into the tank at the 
water/air inlets shown. The mixing of these two flows takes place in the contact 
(reaction) zone, and the recycle ratio is the ratio of recycle flow rate to main flow 
rate. Water then enters the flotation zone by passing over the contact zone weir. 
Bubble-particle agglomerates would then travel the extra short distance in order to 
join the froth layer at the surface, leaving the clean effluent to be drawn downward to 
the outlet. However this process may be hindered by the presence of strong 
downward currents.
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Figure 1 -  Scale drawing of the model DAF tank used in this work
The contact zone weir is flooded to a depth referred to in our experiments as the 
contact zone height, hcz. It is shown here with hcZ = 100mm, but weir extensions were 
also used to decrease hcz to values of 50mm and 25mm. The air bubbles were 
produced using a pressurised, stainless steel saturator vessel, packed with nylon rings, 
that was operated at a gauge pressure of 4.6bar. The air content of the recycle flow 
was measured using an air-collecting apparatus. Three delivery nozzles for the 
recycle flow were available in the base of the contact zone. However in order to avoid 
complications of balancing the flow from each nozzle, only the central nozzle was 
used for these experiments. All experiments were carried out at 21°C.
Measurements of velocity were made using a 2-D LDA system based on a 5W 
SpectraPhysics argon ion laser. The effective laser power from each beam pair was 
between 15mW and 20mW. Preliminary experiments, where flow velocity was 
measured at a number of different distances from the tank wall, showed that there was 
no significant wall effect beyond 25mm from the tank wall. Therefore it was deemed 
reasonable to make measurements within a plane 50mm from the wall - wall effects 
were thus avoided; yet the laser signal from this depth within the tank was sufficiently 
high. The air bubbles produced in DAF were compared with silver-coated, hollow 
glass particles (TSI 900875, diameter range 8-12pm) to assess their viability as 
seeding particles.
For flow velocity measurements a Cartesian grid was conceived with the x-axis lying 
along the length, y-axis along the height and z-axis along the width of the tank. 
Measurements were made within the chosen x-y plane with a nodal spacing of 20mm. 
Experiments were carried out at three different main flow rates: 10.01pm, 20.01pm 
and 35.01pm, corresponding to surface loading rates of 4.0, 8.0 and 13.6 mhr-1 
respectively (surface loading rate (SLR) is the ratio of the volumetric flow rate
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through the tank to the plan surface area of the tank). The maximum recycle flow rate 
of the equipment (using the single nozzle) is 2.331pm, which combined with the 
maximum surface loading gives a recycle ratio of 6.7%. Experiments were carried out 
for each surface loading rate at recycle ratios of 0% (water only), 0.6%, 1.2%, 3.5% 
and 6.7%. In addition the contact zone height was varied between 100mm, 50mm and 
25mm in order to see the effect of this parameter. The depth of water in the tank was 
constant throughout at 0.35m.
CFD simulation results were obtained using FLUENT (version 4.56) to create a 3D Eulerian, 
finite-volume, two-fluid model. All inlets to the model were expressed in terms of fixed 
velocity, with the upper surface being defined as a sink for the air phase, whilst acting as a 
wall with regard to the water phase. Other model settings were as described in a previous 
paper (Hague, J. et al. (2001b)).
Comparison of experimental results with those of CFD simulations was carried out for each 
of the 384 data points within the x-y plane at z = 50mm. A zone of acceptability based on a 
simple spherical locus is defined for each experimental data point, also taking into account 
the proportion of total fluid flow at each point in the tank. The fitting coefficient is thus 
described by the following expression:
The lower the fitting coefficient, the better the fit between experimental and simulated data. 
Experimental and simulated data for air concentration were compared in a similar fashion.
4(a) along with the corresponding simulated data in Figures 2(b), 3(b) and 4(b). The
corresponding simulation data in Figure 5(b). Comparison of the experimental data 
with the simulated data yielded values of fitting coefficient as shown in Table 1.
V, lm ax.(Vi)
, w h e re  n  is  th e  to ta l  n u m b e r  o f  m e a su re m e n t p o in ts  (3 8 4 ) , V  is th e  
m a g n itu d e  o f  m e a su re d  v e lo c ity , A V ES is th e  m a g n itu d e  o f  th e  
re su lta n t  v e c to r  b e tw e e n  th e  m e a su re d  a n d  s im u la te d  v e lo c itie s  a n d  
‘m a x .’ d e n o te s  th e  m a x im u m  o f  th e  v a r ia b le  se t.n
Results
An example of the velocity data obtained from LDA is given in Figures 2(a), 3(a) and
contours of volume fraction of air are shown - for measured data in Figure 5(a) and
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Figure 2(a) -  Measured velocity data from experiment 3a
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Figure 2(b) -  Velocity data from simulation 3a
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Figure 3(a) -  Measured velocity data from experiment 3b
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Figure 3(b) -  Velocity data from simulation 3b
Figure 4(a) -  Measured velocity data from experiment 3e
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Figure 4(a) -  Measured velocity data from experiment 3e
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Figure 4(b) -  Velocity data from simulation 3e
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Figure 5(a) -  Contour map of measured air volume fraction, experiment 3e, central 
plane of tank (z = 150mm)
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Figure 5(b) -  Contour map of measured air volume fraction, simulation 3e, central 
plane of tank (z = 150mm)
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Discussion
In general, the fit between experimental and simulated velocity data is as good or 
better for the two-phase situations (experiments DAFxb-DAFxe) as for the single­
phase (experiments DAFxa). The contours of volume fraction of air throughout the 
air-rich ‘bubble blanket’ are shown to good effect by experimental measurements. 
The simulation predicts an air volume fraction that, is more homogeneous than it 
actually is, yet the average volume fraction in both experimental and simulated cases 
is similar. Although there is not space here to show the full experimental results, the 
result that is shown is an interesting one.
Experimental/Simulation deltails
ID Flow rate 
(lpm)
Recycle 
ratio (%)
hcz
(mm)
Fitting coefficient of 
velocity (%)
Fitting coefficient 
of air volume 
fraction (%)
la 10 0.0 50 26.1 +/- 13.5
lb 10 0.6 50 14.0+/-5.3
lc 10 1.2 50 16.6+/-4.5
Id 10 3.5 50 5.0+/-4.1
le 10 6.7 50 6.0+/-3.8
2a 20 0.0 50 26.4+/-11.9
2b 20 0.6 50 24.9+/-17.4
2c 20 1.2 50 . 23.0+/-13.8
2d 20 3.5 50 21.2+/-6.2
2e 20 6.7 50 . 17.0+/-7.7
3a 35 0.0 50 30.0+/-14.5
3b 35 0.6 50 15.0+/-6.6 33.0+/- 18.2
3c 35 1.2 50 16.8+/- 6.8
3d 35 3.5 50 22.8 +/- 9.6
3e 35 6.7 50 20.5+/-6.3 18.3+/- 16.9
4a 20 0.0 100 24.2+/-11.0
4c 20 1.2 100 15.8 +/- 6.7
4d 20 3.5 100 17.9+/-6.4
4e 20 6.7 100 23.3 +/- 6.6
5a 20 0.0 25 32.3 +/-14.4
5c 20 1.2 25 11.8+/-5.1
5d 20 3.5 25 19.5+/-7.3
5e 20 6.7 25 17.3+/-7.3
Table 1 - Fitting coefficients calculated from comparison of simulated
data and measured data.
Although the laboratory-scale model is not meant to simulate flow behaviour in a 
full-size tank, the results from it can suggest certain phenomena of this two-phase 
system. If the SLR is high, as was the case in the illustrated experiment (13.6 mhr*1), 
even high levels of added air (recycle ratio = 6.7%) are insufficient to prevent strong 
downward currents from forming. The higher the recycle ratio, the nearer to the
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contact zone weir the downward currents began. However it is conceivable that at 
recycle ratios above 6.7%, the downward currents may have given way to a more 
diffused flow pattern as was observed in the case of experiments lb, lc, 2d and 2e. 
Interestingly in the case of the lx series of experiments at low SLR (4.0 mhr'1), it was 
observed that increasing the recycle ratio beyond 1.2% gave rise to short-circuiting 
currents that might be detrimental to DAF tank performance. The results therefore 
suggest that it may be possible to ‘overdose’ air into the DAF tank and thereby reduce 
DAF tank efficiency. However further investigation would be required, at higher SLR 
values and in larger-scale tanks, in order to prove this as a general phenomenon. 
Simple observation seemed to suggest that the small air bubbles travelled largely with 
the flow of water through the tank, but it was important to confirm this 
experimentally. Within the range of flow conditions experienced in the tank, a small 
but discernible difference could be observed between the bubbles and glass seeding 
particles. However the buoyancy/settling velocities of the air bubbles and seeding 
particles were low compared with typical velocities of flow within the flotation zone 
(between 0.1% and 5% of the flow velocity), and thus were neglected. There is a 
certain localised transient quality to the flow within and around the bubble cloud in a 
DAF tank. This has been reported previously and has also been observed during these 
experiments. The objective of this exercise was to assess the average velocity at each 
measurement point in order to compare with a steady-state numerical simulation. The 
simulation of specific random fluctuations was outside the scope of this work. 
However this fluctuation about the mean was found to be small so long as the period 
of measurement was sufficiently long. A measurement period of 60-100s was found 
to be adequate for this work, allowing the reasonable assumption of steady state flow 
in the DAF tank.
Conclusions
Laser Doppler anemometry (LDA) has been used successfully to build up a database 
of flow information from within a small-scale DAF tank. Also it shows that a very 
low recycle ratio (0.6%) is sufficient to cause great changes in the flow pattern within 
the flotation zone, and sheds more light on the existence of an optimum recycle ratio 
for a given SLR and system geometry. After confirming that air bubbles and silvered- 
glass micro-beads performed in a similar way as seeding particles, bubble-based 
measurements were taken from within a plane of the DAF tank that was 
representative of the flow as a whole. A bubble probe was used to good effect to 
create contour maps of air volume fraction within the flotation zone.
The output of CFD models was compared with experimental data of liquid velocity 
and air volume fraction. An Eulerian two-fluid model was used for this purpose. It 
was found that the fit between experimental and simulated velocity data was as good 
or better than for corresponding single-phase systems.
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